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This study examined and compared the performance of three types of 
commercially available 2-dimensional substrate-coated slides using an approach 
that compares the non-equilibrium dissociation profiles and dissociation 
temperatures (Tds) of all probe-target duplexes simultaneously.  Two perfect 
match (PM) probes (20-mer and 16-mer, respectively) and eight probes (20-mer) 
having either one or two mismatches (MM) at specific external and internal 
positions were designed to target a short 16S ribosomal ribonucleic acid (rRNA) 
sequence.  Both the conventional Td approach and a discrimination index (D.I.) 
approach were used to optimize discrimination between perfect and mismatch 
duplexes, and proven to be competent in discriminating between PM and internal 
MM duplexes, but not for external MM duplexes.  Maximal discrimination 
indexes for duplexes with 2 internal MM and 1 internal MM usually occurred at 
temperatures 5 and 10°C higher, respectively, than Td of the PM duplexes.  
Hybridization carried out using guanidithiocyanite (GuSCN)-based buffer 
produced duplexes with Tds slightly lower than that using formamide (FA)-based 
buffer.  Furthermore, salt concentration in the wash buffer, probe length, MM 
number, MM position, but not MM type, significantly affected dissociation 
profiles and Tds.  The reusability potential of aldehyde-coated microchips based 
on reproducible melting curves and no apparent loss in signal intensities was also 
demonstrated by subjecting the printed microarrays to seven consecutive cycles of 
hybridization, washing and stripping.  Finally, a mathematical model was 
proposed to systematically compute the probability of occurrence of microbial 
 vi 
species of interest on microarrays.  To facilitate the analysis process, a numerical 
computationa l programming algorithm was written in Visual Basic to make use of 
the Excel interface for data input and output.  The program was able to 
statistically analyze hybridization intensities results of up to 999 probes 
simultaneously, and computed the probability of occurrence of each interest 
microbial species based on the proposed mathematical model.   
 
Keywords: discrimination index, dissociation temperatures, hybridization, 
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Natural soils and waters, and engineered microbial systems harbor a wide 
variety of microorganisms.  These microbes survive and thrive virtually in all 
environments, often where no other ‘higher life forms’ exists.  Microorganisms  
play a vital role in many aspects of our daily life as well as the whole web of life 
on Earth.  Without them, all higher life forms would cease to exist.  Although 
individual microorganisms are very small, collectively their metabolic power is 
great, and the sum of their protoplasm constitutes the greatest source of biomass 
on Earth (Madigan et al., 2000).  Furthermore, contrary to peoples’ beliefs, only a 
very small proportion of the microbial population is pathogenic, and capable of 
causing severe diseases and even fatalities among plants and animals.  Majority of 
the microbial population remain relatively harmless and their existence provides 
an infinite list of benefits to humankind.  Thus, to better understand the close link 
between microbes and their surrounding environments will require extensive 
identification and characterization of these microorganisms. 
 
Due to global urbanization and industrialization, wastewater production 
has greatly increased, and requires to be treated using wastewater treatment 
processes, in which degradation of organic or inorganic pollutants takes place.  In 
the past, the mass balance theory is often employed to deal with the terms of 
influent, effluent, bioreaction, mass transfer and accumulation.  Direct 
optimization of the bioprocess is based on the understanding of degradation 
mechanism and kinetics, and does not take in the consideration of microbial 
ecology in the “black box” reactors.  However, it is anticipated that there will be a 
large multitude of microorganisms involved in the biological processes.    Since 
microorganisms are the major workers mineralizing the organic substances, in 
addition to the degradation mechanisms and kinetics, a good understanding on the 
microbial diversity is important to optimize the bioprocess operation.   
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In microbial ecology study, culture-dependent isolation methods are 
commonly used to obtain pure cultures of different microorganisms.  A major 
drawback with this technique is the non-cultivability of microorganisms.  
Selective enrichment often fails to mimic the conditions that particular 
microorganisms require for proliferation in their natural habitats (Muyzer et al., 
1993).  Only a minute fraction of the bacterial cells present in a natural 
environment is able to grow in laboratory medium (Jaspers and Overmann, 1997).   
Thus, culture-based approaches are more commonly used for those 
microorganisms with high substrate affinity and high growth rate.  Another 
drawback is that isolation is time consuming.  For example, one may take one to 
two years to isolate the nitrification bacteria due to its slow growth rate.   
 
Furthermore, microbiologists often rely on the use of light microscopy and 
electron microscopy to observe microorganisms in different engineering and 
natural systems.  However, many shortcomings are associated with this type of 
approach.  For example, in bright- field microscopy, most biological materials do 
not have inherent contrast.  As a result, it is necessary to perform fixation and 
staining on the specimens to increase their visibility and accentuate specific 
morphological features.  Through these processes, microorganisms are usually 
killed and their activities cannot be observed.  Another major limitation of light-
based microscopy techniques is the level of magnification achievable by these 
microscopes.  Using oil immersion objective lens and a good eyepiece, a 
maximum magnification of about 1500x can be achieved.  Any higher 
magnification will not be practical, as the image becomes blurred.  At this 
magnification, the general shape and major morphological features of 
microorganisms are visible, but fine structural details cannot be effectively studied.  
Instead, electron microscopy, which provides a magnification of up to 100 000x, 
will have to be used.  Two conventional types of electron microscopy are the 
scanning electron microscopy (SEM) and the transmission electron microscopy 
(TEM).  While SEM provides an image showing the external morphology of the 
microorganisms, TEM allows the visualization of the internal structures of the 
microbial cells.  The combination of SEM and TEM can hence provide a good 
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description on both the external and internal structure of the microorganism.   
However, to study microbial diversity using the microscopic techniques described 
will be practically difficult, as a human observer can only discern a finite amount 
of visual information.  Furthermore, these observations will only provide a 
qualitative description of the microbial cells present.  Hence, a more practical and 
objective method to quantify microbial diversity in wastewater samples is 
necessary. 
 
The emergence of molecular techniques over the past few decades 
provides a powerful set of tools to investigate the diversity of microbial 
communities.  The most attractive point when employing the molecular approach 
is that the deoxyribonucleic acid (DNA) of the microbial populations can be 
retrieved directly from the habitats.  One can readily obtain information on the 
microbial populations of interest by carrying out comparison of sequence 
homology with references in the available database.  There are currently a variety 
of molecular techniques (both DNA-based and RNA-based) that are applied to the 
study of different microbial systems, and these are summarized in Figure 1.1 as 
shown.  Through the use of these different techniques, the diversity and 
distribution of the microbial populations can be determined.  
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Figure 1.1. Commonly used approaches in molecular microbial ecology (Head 
et al., 1998) 
 
Over the years, a variety of genetic fingerprinting and hybridization 
formats have been developed to address sequence diversity and abundance.  
Fingerprinting methods are often a prelude to more quantitative methods.  For 
example, denaturing gradient gel electrophoresis (DGGE) of polymerase chain 
reaction (PCR)-amplified fragments provides for evaluation of genetic diversity 
and monitoring of succession in microbial communities (El-Fantroussi, 2000; 
Muyzer et al., 1993).  Nevertheless, some limitations still exist in these molecular 
techniques.  It is well recognized that PCR biases compromise quantitative 
interpretation of amplified products (Becker et al., 2000; Reysenbach et al., 1992), 
and that variable  ribosomal RNA (rRNA) gene copy number further complicates 
the assessment (Farrelly et al., 1995).  Thus, more direct methods such as 
fluorescent in-situ hybridization (FISH) of total 16S rRNA provide better means 
for detection and quantification.  FISH is a process in which DNA or RNA target 
sequences from environmental samples bind and form duplexes with short 
oligomer probes tagged with a fluorescent dye.  When viewed using appropriate 
filters under a microscope, microbes that contain sequences complementary to the 
probe glow and give off fluorescent signals.  Detection and quantification of 
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different microbial communities can then be conducted on the acquired images.  A 
brief outline of the steps involved in this type of analysis is illustrated in Figure 

















Figure 1.2. Fluorescent in situ hybridization (FISH) 
 
Recently, the DNA microchip has emerged as a powerful tool in assessing 
microbial physiology, ecology and determinative microbiology.  With the 
compact microchip which utilizes a high-density microarray, hybridization of 
hundreds (or even thousands) of different target sequences can be carried out 
simultaneously (Liu et al., 1998), thus saving on both time and labor costs.  
However, as the DNA microarray is a relatively new technology in the field of 
View under fluorescence 
microscope 
Microbial cell permeabilized to 
admit fluorescent probe (            ) Labeled 
ribosome 
Probe hybridizes Probe does not hybridize 
rRNA in ribosome 
Microbe appears as bright area 
Microbe dark (not visible) 
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microbial ecology, many unknowns about this technique remain to be tested and 
verified.  In contrast to ‘standard’ applications in the medical field where 
experimental procedures have long been well-established and conditions 
optimized through extensive studies; in microbial ecology defined nucleic acids 
have to be identified against an often large and partly unknown genetic 
background (Peplies et al., 2003), as a significant proportion of microorganisms in 
complex environmental samples remains yet to be identified through current 
detection methods.  For such analysis, it is necessary to improve the performance 
of the microchip in the discrimination between targets with zero mismatch and 
those with one, two or even more mismatch nucleotides, as this will increase the 
specificity of the experiment.  This is usually carried out by optimization of the 
hybridization/dissociation conditions such as the hybridization and washing 
temperatures, concentration of formamide and salt solution used, etc.   
 
1.2 Objectives  
The overall objective of the present research is to optimize various 
experimental parameters involved in chip hybridization to improve discrimination 
between perfect match (PM) and mismatch (MM) duplexes.  Specific objectives 
are: 
(1) to assess the performance of three commercially available coated glass 
slides (with different substrate coatings) during printing/immobilization 
and hybridization/washing process,  
(2) to investigate the effect of the three types of slides on the non-equilibrium 
melting profile (especially the dissociation temperature, Td of the probes),  
(3) to further examine the effect of salt concentration in the washing buffer, 
probe length, number of mismatch, mismatch type and position of the 
mismatch relative to the 3’ terminus of the probe on Td and the signal 
intensity,  
(4) to evaluate the reusability potential of microarrays immobilized on 
commercially available aldehyde-coated glass slides, and finally 
(5) to build a mathematical model to compute the probability of occurrence of 
different microbes in complex environmental samples. 
Chapter 2 Literature Review 
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2 LITERATURE REVIEW 
2.1 Emergence of microarray technology 
2.1.1 Applications of DNA microarrays 
Over the past decade, DNA microarray technology has catapulted into the 
limelight, promising to accelerate genetic and microbial analysis in much the 
same way that microprocessors have sped up computation.  Originally designed 
for large-scale DNA sequencing by hybridization (SBH), clinical diagnostics (e.g. 
detection of single-nucleotide polymorphism) and genetic analysis (Yershov et al., 
1996; Richmond et al., 1999; Schena et al., 1995; Tao et al., 1999; Chee et al., 
1996; Wang et al., 1998; Wang et al., 2002; Pease et al., 1994), microarrays 
likewise offer tremendous potential for microbial community analysis, pathogen 
detection and process monitoring in both basic and applied environmental 
sciences (Loy et al., 2002; Guschin et al., 1997, Raskin et al., 1994a, b; Small et 
al., 2001). 
 
Recent microbial diversity studies focused both on 16S rRNA genes and 
functional genes, encoding enzymes responsible for specific transformations.  
The analysis of functional diversity and its dynamics in the environment is 
essential for understanding the microbial ecology.  In analytical studies of 
microbial diversity in different environments, Small et al. (2001) successfully 
employed the use of oligonucleotide microarrays in the direct detection of 16S 
rRNA in soil extracts without prior amplification of targets by PCR, providing the 
first records of direct microarray detection of nucleic acids from a nonaqueous 
environmental sample.  They further provided a mechanism to simplify the 
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analytical process for biodetection in the field.  Similarly, Loy et al. (2002) made 
use of oligonucleotide microarrays for 16S rRNA gene-based detection of all 
recognized lineages of sulfate-reducing prokaryotes (SRP) in both natural and 
clinical environments.  SRP diversity fingerprints achieved with microarrays 
were found to be consistent with results obtained by using well-established 
molecular methods for SRP community composition analysis.  Koizumi et al. 
(2002) reported on the parallel charcterization of anaerobic toluene- and 
ethylbenzene-degrading microbial consortia by PCR-DGGE, RNA-DNA 
membrane hybridization, and DNA microarray technology.  The combined use of 
these molecular techniques proved highly efficient in the characterization of 
oil-contaminated marine sediments from the coast of Kuwait.  Identical 
microbial communities were characterized by using DGGE, membrane 
hybridization, and microarray hybridization techniques. 
 
DNA microarray has also been applied for detection of functional genes 
involved in nitrogen cycle in the environments (Wu et al., 2001; 
Taroncher-Oldenburg et al., 2003).  Functional gene microarray by using glass 
slides revealed difference in the apparent distribution of nitrite reductase (nirS and 
nirK) genes, ammonia mono-oxygenase (amoA) genes, and methane 
mono-oxygenase (pmoA) genes in marine sediment and soil samples (Wu et al., 
2001).  However, the authors indicated that the quantitative capacity of 
microarrays for measuring the relative abundance of targeted genes in complex 
environmental samples is less clear due to divergent target sequences.  
Taroncher-Oldenburg and co-workers (2003) further optimized the specificity, 
resolution, and detection limits for two 70-mer oligonucleotides probe 
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microarrays containing probes derived from previous known functional genes 
representing denitrification (nirK and nirS), nitrogen fixation (nifH), and ammonia 
oxidation (amoA), utilized in vitro-amplified DNA sequences representing nitrite 
reductase genes (nirS) obtained from estuarine sediments.  Complete signal 
separation was achieved when comparing unrelated genes within the nitrogen 
cycle (amoA, nifH, nirK, and nirS) and detecting different variants of the same 
gene, nirK, corresponding to organisms with two different physiological modes, 
ammonia oxidizers and denitrifying halobenzoate degraders.  Furthermore, the 
hybridization patterns on the nirS microarray differed between sediment samples 
from two stations in the river, implying important differences in the composition 
of the denitrifers community along an environmental gradient of salinity, 
inorganic nitrogen, and dissolved organic carbon.  Therefore, the application of 
functional gene microarray provides valuable information on how the 
environment affects population and critical functional genes expression. 
 
2.1.2 Definition 
DNA microarrays are miniature arrays of complementary DNA (cDNA) 
probes [~500 to 5,000 nucleotides (nt) in length] or oligonucleotides (15 to 70 nt) 
attached directly to a solid support.  As the DNA microchip utilizes a 
high-density microarray, consisting of a matrix of hundreds (or thousands) of 
individual surface- immobilized probes, it allows for the simultaneous 
hybridization of a large set of probes complementary to their corresponding rRNA 
genes found in complex environmental samples (Liu et al., 1998), thus allowing 
for rapid and high throughput of sequence analysis. 
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In the DNA microarray approach, samples containing various fluorescently 
labeled target molecules are introduced onto an assay of immobilized probes of 
known sequences.  Different targets will subsequently hybridize to the respective 
probes with complementary sequences.  After the hybridization process, a 
washing step is carried out to wash away any unattached and/or non-specific 
targets.  The array is then viewed under the fluorescent microscope.  Probes 
with attached targets will emit fluorescent signals, indicating the presence of 
certain microbes in the samples.  Based on the intensities of fluorescence emitted, 
quantification of the microbial population is also possible when the amount of a 
probe used exceeds that of the introduced targets, with the detected signal 
intensity being proportional to the amount of targets hybridized to the probes 
(Charles and Yarmush, 1999).  A brief overview showing how chip hybridization 
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2.2 Microarray formats 
2.2.1 Types of formats in use 
Currently, there are many different types of solid supports for DNA arrays.  
The few most commonly used support media include glass (2-dimensional coated 
glass slides and 3-dimensional polyacrylamide gel pad chips), filter membranes 
(nylon filter) and silicon surfaces (Loy et al., 2002, Vasiliskov et al., 1999, 
Lamture et al., 1994, Hoheisel et al., 1993, Beier and Hoheisel, 1999, Koizumi et 
al., 2002, López et al., 2003).  The advantages and disadvantages of some of the 
most commonly used array formats are summarized in Table 2.1. 
 
As seen from Table 2.1, filter membranes are incapable of producing 
high-density arrays due to the large spot sizes produced and large volumes of 
probes required.  Thus, the experimental costs increased significantly, especially 
when large numbers of probes are employed.  As such, DNA microchips made of 
various media such as glass and polymers are becoming increasing popular among 
researchers worldwide.  DNA microchips can be further categorized into two 
main formats, namely 2-dimensional substrate-coated microchips and 
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Table 2.1.  Advantages and disadvantages of commonly used array formats 
(Beier and Hoheisel, 1999; Chee et al., 1996; Guschin et al., 1997) 










 Allows for high 
concentration of 
immobilized probes, 
resulting in strong signal 
intensities and a good 
dynamic range. 
 Reusable.  (however, 
initial losses can be up to 
50 %). 
 Commercially available. 
 
 High fluorescence 
background. 
 Large volumes of probes 
required for immobilization 
(higher costs incurred). 
 Large spot sizes, thereby 
incapable of producing a 
high-density array. 












 Allows for high 
concentration of 
immobilized probes, 
resulting in strong signal 
intensities and a good 
dynamic range. 
 Hybridization resembles 
more of a liquid phase 
reaction within the gel. 
 Provides stable support 
for probe immobilization. 
 Reusable. 
 Low fluorescence 
background. 
 Small volumes of probes 
required. 
 Small spot sizes. 
 
 Not commercially available.  
(expertise and specially 
designed mask required to 
produce in-house chips) 
 Restricted size of 
immobilized compounds 
that can diffuse into the gel 
and their retarded diffusion, 
resulting in stronger signals 
from the periphery than 
from the inside of the gel 
pads with non-equilibrium 
interactions. 
 Difficult to access and 
control the quality of 









 Chemically inert. 
 Low fluorescence 
background. 
 Small volumes of probes 
required. 
 Small spot sizes. 
 Commercially available. 
 Limited loading capacity, 
leading to lower signal 
intensities. 
 Hybridization resembles 
more of a solid phase 
reaction on the chip surface. 
 Reusability potential not 
verified. 
 
The “2-dimensional” formats can accommodate a high-density array of 
probes up to about 104-105 spots per cm2 (Vainrub and Pettitt, 2002), but have  
limited loading capacity (~10 pmol/cm2) (Maskos and Southern, 1992; McGall et 
al., 1997) or low signal intensity per spot.  The “3-dimensional” format was 
developed to improve those drawbacks observed with the 2-dimensional format 
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by introducing an array of gel matrix onto the solid support, allowing the 
attachment of oligonucleotides and cDNA to individual gel elements (usually 
100x100x20 mm) (Fotin et al., 1998; Yershov et al., 1996; Guschin et al., 1997; 
Koizumi et al., 2002; Liu et al., 2001; Urawaka et al., 2002).  This format allows 
high probe concentration per gel element (in the range of nanomols/cm2) 
(Vasiliskov et al., 1999).  However, the gel-pad microchips are not available 
commercially, and, due to the precise techniques involved and special equipment  
required, can only be fabricated by a limited number of research laboratories on 
an in-house basis and need (Yershov et al., 1996; Urakawa et al., 2002). 
 
2.2.2 Types of surface chemistry 
 Various types of surface chemistries have since been developed for both the 
2-dimensional and 3-dimensional microchips.  Regardless of the microchip 
format used, the coating chemistries employed must be compatible with 
nanoliter-scale volumes of polynucleotide reagents, which print the array over a 
small portion of their surface (Lee et al., 2002).  Commonly used surface 
coatings include aldehyde, silane, polylysine, polyacrylamide and various 
electrophilic groups with different chemical functional groups for the attachment 
of nucleic acids on the slide surfaces (Angenendt et al., 2002; Consolandi et al., 
2002; Proudnikov et al., 1998).  Depending on the chemistries involved, probes 
to be immobilized need or need not be amino-derivatized.  Angenendt et al. 
(2002) evaluated the performance of 11 different array surfaces for protein and 
antibody array, comparing them with respect to their detection limit, inter- and 
intrachip variation, and storage characteristics.  They concluded that the type of 
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microarray coating must be chosen according to the nature of experiment to be 
performed and the type of probes to be immobilized. 
  
 In addition to conventionally used surface coatings, many modified coating 
formulas that claimed to result in enhanced hybridization results and improved 
probe immobilization efficiencies have been reported.  Chiu et al. (2003) 
proposed the use of a new coating comprising of a mixture-combination of epoxy 
and amine-silanes that produce higher signal-to-noise ratios than other 
silane-coated methods.  Lee et al. (2002) also proposed the use of a 
polyethylenimine-based coating chemistry that is able to bind polynucleotides 
through a combination of covalent and noncovalent interactions.  High binding 
and hybridization efficiencies are reported for polynucleotide microarrays 
generated with this type of coating.   
 
2.2.3 Reusability potential of microchip formats 
Reusability of microchips will eliminate from experimentation the variance 
between presumably identical chips, which significantly affects the experimental 
reliability of chip-based analyses (Beier and Hoheisel, 1999).  Furthermore, time 
and labor costs can be cut down significantly.  Gel pad microchips have been 
proven to be highly reusable without apparent losses of immobilized probes.  
Guschin et al. (1997) reported that in general, a polyacrylamide-based microchip 
(one common type of gel-pad microchip) could be used up to 20 to 30 times 
without noticeable deterioration of the hybridization signal.  On the other hand, 
little effort has been placed into finding out the reusability potential of 
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commercially available 2-dimensional substrate-coated microchips (Beier and 
Hoheisel, 1999).  Many systems reported to date (Schena et al., 1995; Fodor et 
al., 1993) permit only single usage, thus preventing proper quality control on the 
very microchip that is to be used in the actual test.  Thus, the reusability potential 
of these 2-dimensional microchips remain to be verified.   
  
2.3 Immobilization of probes to microchip surfaces 
 Applications using two different formats of nucleic acids as probes have been 
developed to immobilize these probes onto the microchip surfaces in a rapid and 
precise manner.  In the first format, arrays of short oligonucleotides are 
synthesized directly on a slide or printed on using a microarrayer.  In the second 
format, single-stranded cDNA molecules are spotted through either noncovalent 
or covalent attachment to the surface (Charles and Yarmush, 1999). 
 
2.3.1 Immobilization of oligonucleotide probes 
 Oligonucleotide probes are generally synthesized directly on a glass slide by 
using essentially the same solid-phase chemistry as on conventional synthesizers.  
To produce the desired microarray layout, the use of a photolithographic mask 
together with a photolabile protecting group on the nascent oligonucleotide is 
employed.  In each round of synthesis, the mask is placed over most of the array, 
and the unmasked portion is activated by exposure to light.  The desired 
phosphoramidite is then added, resulting in the coupling to the 5’-hydroxy groups 
of only the activated segments of the array.  By staging the steps in a 
combinatorial fashion, an array containing all possible oligonucleotides of length 
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Figure 2.2. Combinatorial synthesis of an oligonucleotide array.  Grey 
regions indicate the position of the photolithographic mask. 
 
Two other techniques are also used to produce high-density 
oligonucleotide arrays.  One of them involves the synthesis of oligonucleotide 
probes on a slide by using an ink-jet printing technology.  The printer moves 
along the array and, based on its program, dispenses a small amount of liquid 
from one of the many tubes containing the individual phosphoramidites.  The 
other is to synthesize the oligonucleotides individually, and spot them robotically 
onto a coated glass slide.  Both contact and non-contact robotic spotting arrayers 
are commonly used.  This method is more versatile, because it can accommodate 
both synthetic and natural compounds that can be synthesized and purified before 
immobilization (Vasiliskov et al., 1999).  However, when arrays comprising of 
AAA AA AAC AC AAG AG AAT  AT
AA AA AC AC AG AG AT AT
ACA CA ACC CC ACG CG ACT  CT
CA CA CC CC CG CG CT  CT
AGA GA AGC GC AGG GG AGT  GT
GA GA GC GC CG GG GT GT
ATA TA ATC T C ATG TG ATT TT
TA TA T C T C TG TG TT TT
 
A A C C G G T  T
A A C C G G T  T
A A C C G G T  T
A A C C G G T  T
A A C C G G T  T
A A C C G G T  T
A A C C G G T  T
A A C C G G T  T
A A C C G G T  T
A A C C G G T  T
A A C C G G T  T
A A C C G G T  T
A A C C G G T  T
A A C C G G T  T
A A C C G G T  T
A A C C G G T  T
 
AA AA AC AC AG AG AT AT
AA AA AC AC AG AG AT AT
CA CA CC CC CG CG CT  CT
CA CA CC CC CG CG CT  CT
GA GA GC GC GG GG GT GT
GA GA GC GC CG GG GT GT
TA TA T C T C TG TG TT TT
TA TA T C T C TG TG TT TT
 
AA AA AC AC AG AG AT AT
AA AA AC AC AG AG AT AT
A A C C G G T  T  
A A C C G G T  T  
A A C C G G T  T  
A A C C G G T  T  
A A C C G G T  T  
A A C C G G T  T  
 
AAA GAA AAC GAC AAG GAG AAT  GAT 
CAA TAA CAC TAC CAG TAG CAT TAT  
ACA GCA ACC GCC ACG GCG ACT  GCT 
CCA TCA CCC TCC CCG TCG CCT  TCT  
AGA GGA AGC GGC AGG GGG AGT  GGT 
CGA TGA CGC TGC CCG TGG CGT TGT  
ATA GTA ATC GTC ATG GTG ATT GTT 
CTA TTA CTC T T C CTG TTG CTT TTT 
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large numbers of probes are used, the spotting approach becomes too 
time-consuming and far too laborious. 
 
2.3.2 Immobilization of cDNA probes 
 On the other hand, immobilized cDNA probes are usually produced by the 
spotting approach.  This is because the in situ synthesis approach has a coupling 
yield of approximately 95-99% per step, and is unsuitable for probes longer than 
40 nt.  However, cDNA sequences are too long to be synthesized chemically, and 
are required to be created by clones, which are propagated in bacteria, purified, 
and amplified further by PCR.  The resulting cDNA sequences can be either 
attached noncovalently to glass slides, or subjected to amino modifications prior 
to covalent attachment to silylated glass slides.  The amino-modification step 
prevents the non-specific attachment of the cDNA through multiple sites along the 
probes, which will reduce its ability to bind to the targets during hybridization.  
Specific attachment through end linking of amino-modified cDNA probes to glass 
slides will ensure that immobilized probes remain well spaced apart and are 
therefore more accessible to target sequences in the liquid phase. 
 
2.4  Surface hybridization 
2.4.1 Solution hybridization vs surface hybridization 
An overall comparison of the two different hybridization approaches is  
depicted in Table 2.2.  In solution hybridization, targets and probes simply bind 
to each other directly in the liquid phase.  In surface hybridization, the 
hybridization of targets to immobilized probes may proceed through one of the 
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two pathways: (a) direct hybridization from solution (expected to be roughly 
independent of the molecular size) or (b) non-specific adsorption to the surface or 
to mismatched targets on the surface, followed by desorption and diffusion along 
the surface to its correct target.  For small molecules (<1000 bases), the latter 
mechanism can lead to significant enhancement of the overall hybridization 
(Charles and Yarmush, 1999).  
 
Table 2.2.  Comparison of solution and surface hybridization approaches 
Solution hybridization Surface hybridization 
 Probes are fluorescently labeled. 
 Reaction takes place in liquid 
phase. 
 Limited number of probes can be 
applied in one hybridization 
experiment. 
 Rates of hybridization are high. 
 Targets are fluorescently labeled. 
 Reaction takes place near or on a 
solid phase. 
 No limit to the number of probes 
applied in one hybridization 
hybridization. 
 Rates of hybridization are 
relatively slower. 
 
Experiments have found substantial differences in hybridization 
thermodynamics and kinetics of DNA in bulk solution and surface tethered DNA.  
Main observations made during surface hybridization include a considerable 
decrease in the thermodynamic stability of the DNA duplex on the surface with a 
concomitant suppression of the thermal denaturation of the duplex into single 
strands and a dramatic broadening of the melting curve (Shchepinov et al., 1997; 
Vainrub and Pettitt, 2000, 2002).  Probable causes for the differences include 
steric hindrances such as the probe-surface densities (Hoheisel et al., 1993; 
Peterson et al., 2001; Shchepinov et al., 1997; Yershov et al., 1996), spacer 
lengths (Shchepinov et al., 1997) and surface electrostatic effects (Vainrub and 
Pettitt, 2000, 2002). 
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Peterson et al. (2001) conducted a detailed study on the effect of surface 
probe density on DNA hybridization.  They found that DNA films of equal probe 
density exhibit reproducible  efficiencies and reproducible kinetics for probe/target 
hybridization.  In low probe density regimes (< 3 x 1012 molecules/cm2), 
essentially all probes can be hybridized and the kinetics of binding follow 
comparatively faster kinetics than at high probe density regimes (> 5 x 1012 
molecules/cm2) where the efficiencies drop and the kinetics are slower. 
 
Shchepinov et al. (1997) further reported that spacers also have a large effect 
on hybridization yield, the most important property of the spacer being its length.  
As the bound probe is not so free to diffuse as it would be in solution; the reaction 
rate will be reduced.  Hence, spacers are introduced to bring the probes further 
away from the microchip surface to mitigate the interference effects of the solid 
support.  Spacers, which can be built from a variety of monomeric units, are 
attached to the ends of probes to be immobilized.  An optimal spacer length of at 
least 40 atoms in length was proposed to give a 150-fold increase in the yield of 
hybridization. 
 
Vainrub and Pettitt (2000) investigated the effect of the nucleic acid-surface 
electrostatic interaction on the thermodynamics of surface hybridization.  A set 
of theoretical equations for the surface effect on the enthalpy and entropy 
contributions to the Gibbs free energy of binding and equilibrium reaction 
constant was developed.  The equations were used to estimate the surface effects 
in DNA chips.  They concluded that surface electrostatics (even at zero surface 
charge or potential) drastically affect the chip’s binding parameters.  Vainrub and 
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Pettitt (2002) focused on different types of electrostatic interactions in DNA 
arrays, namely on the repulsion between the immobilized probe layer, and on the 
target molecules.  They found that the electrostatic repulsion of the targets from 
the array of DNA probes dominates the binding thermodynamics, and causes a 
drop in hybridization efficiencies.  They further reported the effects of this 
electrostatic repulsion on the sensitivity and dynamic range of DNA microarrays.  
Thus, explicit control of the electrostatic interactions such as using external fields 
or using non-charged peptide nucleic acids was regarded as an important measure 
in the optimization of microarrays. 
 
2.4.2 Surface hybridization on different microchip formats 
As mentioned in Section 2.3, there were two main types of microchip 
formats available.  Surface hybridization on each of these microchip formats 
differs substantially.  It was noted that for 2-dimensional substrate-coated chips, 
hybridization resembles more of a solid phase reaction on the chip surfaces, 
whereas for 3-dimensional gel pad chips, hybridization resembles more of a liquid 
phase reaction within the gel.  On the other hand, the presence of pores in gel 
pads place a restriction on the size of immobilized compounds that can diffuse 
into the gel and their retarded diffusion, resulting in stronger signals from the 
periphery than from the inside of the gel pads with non-equilibrium interactions, a 
problem which is not encountered with substrate-coated chips.  To increase the 
rates of hybridization on 3-dimensional microchips, Vasiliskov et al. (1999) 
proposed the use of a microchip encompassing much smaller gel pads of 
dimensions 10 x 10 x 5 mm.  Although there was much difficulty in handling 
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such small gel pads, experimental results, nevertheless, revealed a significant 
increase in hybridization rates. 
 
2.4.3 Target labeling methods for surface hybridization 
 Labeling of nucleic acids is required for sensitive detection of minute 
amounts of nucleic acids using microarray.  As mentioned in Section 2.4.1, in 
surface hybridization, target nucleic acids are fluorescently labeled instead of 
probes.  There are currently a number of methods for the fluorescent labeling of 
nucleic acids.  One commonly used method involves enzymatic reactions where 
fluorophores are chemically introduced into primers or nucleoside triphophastes 
and are then incorporated either using PCR amplification or using DNA or RNA 
polymerases or terminal polynucleotide transferase (Battaglia et al., 2000; 
Jouquand et al., 1999; Taroncher-Oldenburg et al., 2003; Peplies et al., 2003; 
Rel?gio et al., 2002; Wodicka et al., 1997).  PCR primers fluorescently labeled at 
the 5’ end can be produced de novo during oligonucleotide synthesis or by using 
commercial labeling kits.  PCR with labeled primers results in a fixed number of 
labels (usua lly one) per DNA molecule.  Hence, the use of an end labeled primer 
ensures that the amplified PCR product has an equimolar relationship between the 
label and the target molecule.  Alternatively, PCR using fluorescently modified 
deoxynucleotide triphosphates (dNTPs) results in products that are internally 
labeled at multiple sites per DNA molecule and this approach generally delivers 
greater sensitivity.  Chemical methods such as end- labeling of DNA with 
amino-modified dyes have also been used extensively for the labeling of nucleic 
acid targets (Haugland, 2002; Proudnikov and Mirzabekov, 1996; Zhang et al., 
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2001).  However, these methods are time-consuming (requires up to many hours) 
and are often very expensive (requiring labeled primers or nucleoside 
triphosphates and enzymes). 
 
 Recently, Kelly et al. (2002) experimented successfully with an alternative 
inexpensive labeling method.  The method allows for simultaneous labeling and 
fragmentation of both RNA and DNA molecules, which greatly cuts down on the 
target processing time.  Fragmentation of nucleic acids using hydrogen peroxide 
produces intermediates at sites of scissions that are used for conjugation of amino 
derivative fluorophores dyes with the nucleic acid fragments.  However, one 
drawback with this direct labeling method is that dyes that are unstable in the 
presence of radicals are unsuitable for use, as free hydroxyl radicals (OH×) are 
produced during the fragmentation process.  Thus, an indirect labeling approach 
was also proposed, where the labeling step is carried out after radical 
fragmentation has been completed.  Furthermore, the indirect method also 
extends the spectrum of dye derivatives that may be used for labeling of nucleic 
acids as compared to the limitation of amino-derivative dyes used in the direct 
method. 
 
2.5 Discrimination of mismatches 
 Ultimately, the use of DNA probes in environmental microbiology studies 
and other applications relies on good discrimination between perfect match (PM) 
duplexes and duplexes containing one or more mismatched (MM) nucleotides 
(Liu et al., 2001).  Hence, the capability of the DNA microchip technique to 
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discriminate between PM and MM duplexes plays a critical role in determining its 
extent of uses in the various aspects of microbial analysis.  Complete 
discrimination is often difficult to achieve, especially between PM and single MM 
duplexes.  This is further complicated when using a single wash condition 
(formamide concentrations, salt concentrations, temperature and membrane types) 
(Raskin et al., 1996; Tijssen, 1993).   
 
2.5.1 Non-equilibrium dissociation approach 
To discriminate better between target and non-target sequences, Liu et al. 
(2001) and Urakawa et al. (2002) employed a non-equilibrium dissociation 
approach, whereby the dissociation process of all duplexes was performed and 
analyzed simultaneously under real- time conditions.  By using the 
non-equilibrium approach, differences in dissociation rates of probe-target 
duplexes are used to resolve matched and mismatched duplexes, as it was 
observed that MM duplexes tend to dissociate at a faster rate than PM duplexes 
under similar washing conditions.  Furthermore, the approach allows entire 
dissociation curves of every probe-target duplex of interest to be obtained in a 
single experiment, and thus allows the user to observe the changes in the 
feasibility of the arrays in differentiating PM and MM duplexes at different 
temperatures.   
  
2.5.2 Dissociation temperature  
 A very important parameter in the discriminating process is the dissociation 
temperature (Td) of duplexes.  The Td is simply the temperature at which 50% of 
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the probe-target duplexes are dissociated during a specified wash period (Tijssen, 
1993).  Td has been widely used in studies employing conventional membrane 
hybridization techniques (Mobarry et al., 1996; Raskin et al., 1994a, b; Stahl et al., 
1988).  Various microarray studies (Loy et al., 2002; Liu et al., 2001) have since 
successfully made use of the Td as a reference point in the discrimination of PM 
and MM duplexes.  It was observed that, in general, duplexes with one or more 
MM are mostly dissociated at the Td of PM duplexes, thus providing the required 
specificity (Mobarry et al., 1996; Raskin et al., 1994b; Zheng et al., 1996).  Liu 
et al. (2001) was able to achieve a discrimination of more than twofold (> 2.4x) 
between PM and 1 MM duplexes at the Td, thus providing for good discrimination 
between different Bacillus species.  Moreover, determining the Td by using 
microarrays provides rapid and reproducible data, which facilitates rigorous 
statistical analyses. 
 
2.5.3 Effect of experimental conditions, number, position and type of MM 
Various factors come into consideration when performing the actual 
hybridization experiment.  Formamide and salt concentration in both the 
hybridization and washing buffer, as well as the hybridization/washing 
temperatures are some of the most important variables, as they contributes 
substantially to the discrimination power of the arrays (Liu et al., 2001; Urakawa 
et al., 2002).  The use of high formamide concentrations, low salt concentrations 
and/or elevated temperatures will increase the stringency of the hybridization, 
which will minimize non-specific hybridization.  This will no doubt increase the 
specificity of the arrays.  However, the use of such stringent conditions may 
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result in significant drop in initial signal intensities, resulting in reduced 
sensitivity (Liu et al., 2001).  Hence, in order to produce reasonably good results, 
a balance must be made between the specificity and sensitivity issues. 
 
It was observed that the number, position and type of MM, to different 
extents, also play a part in the discrimination process.  As the number of MM 
increases, the potential loss of hydrogen bonds due to incorrect base pairing also 
increase, leading to overall instability of the duplex formed.  Furthermore, a MM 
near or at the terminus of a short duplex is generally less destabilizing than an 
internal MM and is therefore more difficult to discriminate from PM duplexes 
(Stahl and Amann, 1991; Fotin et al., 1998).  However, Szostak et al. (1979) has 
proven that the type of a MM can sometimes override the effects of position.  
Thus, there are no fixed sets of rules for predicting the extent of influence of MM 
position and type on duplex stability. 
 
Fotin et al. (1998) reported that for short oligonucleotide probes of 8 nt, 
dupluxes formed with an internal MM is easily identified; whereas duplexes 
formed with an external MM show less prominent differences from the PM 
duplexes in terms of the Td and the Gibbs free energy DG0.  To overcome this 
problem, they proposed the addition of the universal base, 5-nitroindole, or the 
four-base mixture (A, T, G, C) to the immobilized oligonucleotide probes that 
form the terminal MM base pairs.  This converts the terminal MM into internal 
ones, which will aid in enhancing the discrimination process. 
 
Urakawa et al. (2002) further investigated the capability of gel- immobilized 
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oligonucleotide microarrays in discriminating single-base-pair terminal MM.  By 
varying the concentration of formamide in the washing buffer, they studied the 
effects of position and type of single-base-pair MM duplexes on Td and signal 
intensities emitted.  They found that concentration of formamide explained most 
(75%) of the variability in Tds, followed by position of the MM (19%) and type of 
MM (6%). 
 
However, the respective contributions of each of the above-mentioned 
parameters in the discriminating process were, to date, employed mainly with 
in-house manufactured, 3-dimensional gel- immobilized microchips and have not 
been verified using commercially available substrate-coated slides.  The 
extensive use of such 2-dimensional coated microchips in the discrimination of 
single-base pair MM, especially terminal MM, has not been formally dealt with 
(Loy et al., 2002; Peplies et al., 2003). 
  
2.6  Data analysis of microarray experiments 
2.6.1 Image quantification and analysis 
Various methods in the quantification and analysis of microarray images 
have been proposed (Fotin et al., 1998; Liu et al.,  2001; Peplies et al., 2003).  
Common analysis approaches involve background subtraction (also known as 
background correction) and data normalization with respect to certain 
domain-specific probes or control probes as internal standards.  Liu et al. (2001) 
had successfully demonstrated the use of a domain-specific probe as an internal 
standard to which all other probes are normalized against.  They believed that a 
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universal probe or domain-specific probe, in theory, should bind equally well to 
all 16S rRNAs.  Furthermore, the ratio of hybridization signals from a universal 
probe and a specific probe for the same target organisms should be constant and 
should not vary between individual hybridizations (Stahl et al., 1988; Zheng et al., 
1996). 
 
Peplies et al. (2003), on the other hand, decided to work with absolute signal 
intensities (arbitrary units) when comparing data generated under different 
conditions or analyzing different target molecules.  They assumed that by using 
domain-specific probes as internal standards, an additional error would be 
introduced, because probe binding site accessibility should not be completely 
comparable for distantly related targets. 
 
2.6.2 Numerical analysis 
  Several statistical methods can be used in the detailed numerical 
analysis of microarray experiments, ranging from conventional linear approaches 
such as analysis of variance (ANOVA) and linear discriminant analysis (LDA), to 
nonlinear approaches such as neural networks (NNs). 
  
 ANOVA makes use of a linear approach to examine the experimental data, 
and can be conveniently used to determine if each of the variables in the 
experiment plays a significant role in the variability of Tds and signal intensities.  
However, as the effects of each of these parameters have on the Td are probably 
nonlinear, Urakawa et al. (2002) proposed an alternative NN method, which uses 
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a nonlinear approach to analyze the results.  NNs are able to recognize nonlinear 
patterns in complex data that cannot be discerned by using conventional statistical 
approaches.  The application of NN requires training of the NNs (a technique 
known as back-propagation), during which neurons store knowledge  through the 
process of learning from input examples.  After the learning process, the NNs 
can be used to recognize and predict patterns such as the Td of probe-target 
duplexes; as well as to provide information on functional relations between 
variables and an output.  Noble et al. (2000) and Moschetti et al. (2001) have 
also, on separate occasions, demonstrated the advantages of NN analyses over 
conventional statistical approaches in their studies on the interpretation of 
phospholipid fatty acid profiles of natural microbial communities and the 
identification of various microbes from randomly amplified polymorphic DNA 
patterns, respectively.  
  
2.7 Limitations and partial solutions to microarray technology in microbial 
ecology 
As compared to other research areas, DNA microarrays are still not very 
commonly used in microbial ecology studies.  Only a limited number of studies 
have been published, but mainly showing the “proof of principle” of the method 
in this field of research.  This is due to a number of reasons including (1) 
expense of microarray printing and imaging equipment, (2) time and labor 
required for manual handling, nucleic acid purification and associated volume 
reduction; (3) inefficient purification or concentration of nucleic acids at low 
target concentrations, especially in environmental samples, (4) coextraction of 
inhibitory compounds that interfere with subsequent molecular manipulations, 
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especially PCR, (5) difficulty in achieving specific hybridization of target 
molecules to immobilized capture oligonucleotides as large sets of probes with 
different characteristics are applied under identical hybridization conditions, 
leading to inefficient discrimination between perfect and mismatched duplexes, 
and (6) problem of secondary structure within single-stranded DNA or RNA 
(Tebbe and Vahjen, 1993, Peplies et al., 2003, Guschin et al., 1997).  Some of 
the main technical constraints involved in microarray techniques, as well as 
attempts to overcome these constraints are discussed in the following sections. 
 
2.7.1 Long target sequences and RNA secondary structures   
The length and structure of the target is an important factor affecting the 
availability of site for nucleation in the target.  Long target sequences are likely 
to fold in on themselves as a result of intramolecular Watson-Crick base pairing.  
The folded structure hides part of the target from the immobilized probes.  
Moreover, large targets are likely to be inhibited by their bulk from approaching 
the microchip surfaces.  Single-stranded DNA or RNA has an additional problem 
with stable secondary structures that can interfere with the hybridization 
(Southern et al., 1999).  Dramatic differences in duplex yield arising from 
different regions of the target were observed in several microarray applications 
(Milner et al., 1997; Southern et al., 1994) and probably reflect accessibility 
differences for the different probe target sites due to secondary structures of the 
target DNA or RNA. 
 
Many studies attempt to overcome these problems by breaking up the long 
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target strands into shorter fragments (Kelly et al., 2002; Liu et al., 2001; 
Proudnikov and Mirzabekov,  1996; Zhang et al., 2001).  The resulting shorter 
targets are more accessible than large targets to interact with tethered probes as 
they are less likely to have bases hidden from duplex formation by intramolecular 
base pairing.  Since these targets are less bulky, they can more readily penetrate 
the closely packed lawn of immobilized probes.  Similarly, secondary structures 
can be fragmented to reduce the effects of secondary structure.  In general, it is 
preferable to reduce sequence complexity to produce good hybridization signals 
within a reasonable hybridization period.  Ideally, targets and probes should have 
approximately equal lengths. 
 
2.7.2 Variable hybridization between different probe-target duplexes 
 Variable hybridization to different types of immobilized probes is a very 
common problem encountered in microarray studies.  This is an expected 
consequence of using a single hybridization condition to evaluate an array of 
probes, each having different kinetics of association and dissociation. Guschin et 
al. (1997) suggested normalizing the differences (to a certain extent) by varying 
the concentration of different types of oligonucleotide probes.  Probes that 
produced relatively lower hybridization signals are subsequently printed at higher 
concentrations, resulting in signals that are comparable to other probes. 
 
Furthermore, although not essential when melting curves of the microchip 
duplexes are measured to find the optimal hybridization temperature for AT-rich 
and AT-poor duplexes (Drobyshev et al., 1997), differences in stabilities of AT- 
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and GC-rich duplexes are obstacles in sequencing by hybridization.  However, 
this obstacle have been overcame by equalizing duplex stabilities using 
tetramethyl ammonium (Jacobs et al., 1988, Maskos and Southern, 1993) or 
betain salts (Rees et al., 1993) in the hybridization buffer, or increasing the 
concentration of gel- immobilized AT-rich oligonucleotides (Khrapko et al., 1991).  
Fotin et al. (1998) reported an alternative way to minimize the difference between 
Tds for duplexes with different AT content by extending AT-rich duplexes from 
one or both ends with base pairs containing the four-base mixture.  Results 
revealed that differences in Tds of the various probes are effectively reduced from 
30 to 10°C. 
 
2.7.3 Presence of ‘false positive’ and ‘false negative’ signals 
 The usefulness of standard microarray formats is often limited by hard to 
interpret hybridization signal patterns caused by false-positive and false-negative 
signals (Loy et al., 2002; Peplies et al., 2003).  The presence of these signals 
complicates the detection process of specific microbes in environmental samples.  
Peplies et al. (2003) reported that with adequately optimized hybridization 
conditions, false-positive signals could be almost completely prevented, resulting 
in clear data interpretation.  However, false-negative results were still common.  
Hence, they proposed an approach to prevent false-negative results by introducing 
a new optimization strategy called directed application of capture oligonucleotides.  
This strategy involves a directed variation of spacer length that allows a graduated 
signal adjustment, and the usability of this approach was successfully tested for a 
particular bacterial strain. 
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2.7.4  Sensitivity and specificity of microarrays 
Sensitivity concern is an important issue in most detection methods.  
Numerous studies have been made on the detection sensitivity of microarrays.  
Small et al. (2001) reported an absolute detection limit of at least 0.5 mg of RNA 
(~ 109 to 1010 RNA copies) for their particular microarray system used for both 
unpurified soil extract and PCR amplicons.  To improve on the detection 
sensitivity of microarray systems, Guschin et al. (1997) suggested the use of 
3-dimensional microchips with reduced pad sizes.  They reported that a 
theoretical sensivity of about 10 amol of fluoscently- labeled target per 60 by 60 
mm should be sufficient for the direct analysis of many environmental populations 
and therefore not require prior amplification of the target nucleic acids.  A 
further decrease of the microchip pad size to 5 by 5 mm could additionally 
enhance the sensitivity of the measurements to about 0.1 amol of the target 
nucleic acid. 
 
On the other hand, specificity of microarray systems is also a critical factor 
in most experiments.  Understanding the rules governing nucleic acid 
hybridizations of short probe-target duplexes will greatly facilitate the design of 
good probes with high specificity.  The use of more stringent hybridization and 
dissociation conditions has been reported to improve the specificity of the 
immobilized probes.  Liu et al. (2001) reported better discrimination between 
PM and MM when low salt concentrations were used in the washing buffer, 
indicating higher specificity of probes for PM targets.  Similarly, Urakawa et al. 
(2002) observed an enhanced specificity of probes for PM targets when 
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formamide concentration in the hybridization buffer was increased from 0 to 30%. 
However, when conditions become overly stringent, signal intensities of both PM 
and MM duplexes are significantly reduced (Liu et al., 2001; Loy et al., 2002).  
This will lead to a decreased detection sensitivity of microarrays.  Hence, in 
order to compromise between the sensitivity and specificity issues, carefully 
designed and controlled experimental conditions are required.  Intensive 
optimization of any microarray system to give highly sensitive and specific output 
no doubt poses a potential challenge to many current users. 
 
2.7.5 Quantitative hybridization 
Many studies made use of microarray and membrane hybridizations in the 
quantification of different microbial populations in environmental samples 
(Koizumi et al., 2002, Purdy et al., 1997; Raskin et al., 1994a, b; Stahl et al., 1988; 
Taroncher-Oldenburg et al., 2003).  To ensure that quantification is possible, the 
number of labeled targets in the sample has to be less than that of the immobilized 
probes.  By quantifying hybridization signal intensities of each type of probe 
used, the relative amount of respective microbial populations can be estimated.  
However, some uncertainties are involved with this type of quantification 
approach.  When targets used in hybridizations were not or were insufficiently 
fragmented, there arise a tendency for different immobilized probes (of various 
taxonomic ranks or targeting different regions on the rRNA sequence) to compete 
for the limited number of targets, thus giving rise to estimations that deviate 
significantly from actual population numbers.  Differences in accessibility of 
different targets to the immobilized probes, leading subsequently to disillusioned 
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results, also pose another problem in the quantification process.  This particular 
drawback in the microarray technique is still overlooked by many researchers, and 
should be appropriately dealt with.  To date, no studies have attempted to address 
this particular issue.   
 
2.7.6 Detection of unknown microbial populations 
 Current microarray techniques are still incapable of detecting unknown 
microbial populations in complex environmental samples.  Moreover, the 
presence of RNA sequences from these unknown microorganisms may result in 
misinterpretation of hybridization results.  Thus, this remains a major drawback 
in the number of potential uses for microarray applications.   
 
To conclude, as it was generally agreed that microarray technology provides 
a highly efficient and rapid way of analysis in microbial ecology studies, intensive 
research studies are continuously undergoing to modify and improve on the 
microarray technique, aiming to develop highly sensitive and specific direct 
nucleic acid detection methods for environmental samples. 
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3 MATERIALS AND METHODOLOGY 
3.1 Overview 




















   
Figure 3.1. Basic experimental steps involved 
Post-printing processing of 
respective slides according 
to manufacturers’ protocols 
Spotting of oligonucleotide 
probes onto subtrate-coated 
slides using Nanoplotter 
Microscopic top view 
Hybridization with labeled target in 
customized microchamber 
Microscopic side view 
Microscopic side view 
Brief wash once with washing buffer 
Non-equilibrium dissociation in customized microchamber, 
subjected to heating on Peltier thermotable 
 
Real-time monitoring with epifluorescent microscope and 
image acquisition with MetaMorph software  
Microscopic side view 
Image analysis using 
MetaMorph software 
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 Briefly, amino-modified probes were printed onto substrate-coated slides 
using a robotic arrayer in a clean room environment.  Post-printing processing of 
slides (e.g. baking the slides in an 80°C oven) was then carried out according to 
the respective manufacturers’ protocols.  After the slides were dried, 
hybridization of immobilized probes with the fluorescently labeled target 
sequence was carried out at 4°C for 16 hr in a microchamber.  A brief wash was 
then conducted at 4°C to remove any unbound targets from the surface of the slide.  
Following, the array region was immediately covered with another microchamber 
containing washing buffer and subsequently placed on a Peltier thermotable 
mounted onto the stage of an epifluorescent microscope.  Heating was carried 
out and real-time images of the microarrays were acquired with a camera using 
MetaMorph software.  The images were then analyzed using various 
quantification functions in the software. 
 
3.2 Synthesized 16S rDNA target and oligonucleotide probe set 
In total, one 16S rDNA target, ten oligonucleotide probes, and one control 
probe were synthesized and used in this study (Table 3.1).  The single-stranded 
target DNA sequence, 5’-AGTCGTAACAAGGTAGCCGT-3’ (20 nt, Escherichia 
coli positions 1492 to 1511), corresponded to a conserved region of bacterial 16S 
rRNA genes, and was labeled with a fluorescent dye Cy3 at the 5’ terminus 
(MWG-Biotech AG, Singapore).  The oligonucleotide probes from 
MWG-Biotech AG (Singapore) included a 16-bp PM probe, a 20-bp PM probe, 
and eight MM probes with 1 or 2 MMs at either near the 3’ terminus (external 
mismatch) or at internal positions (internal mismatch) of the probes.  All probes 
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were designed with a T-spacer region (15 Ts) added to the 5’ end of individual 
probes to increase the on-chip accessibility of spotted probes to target DNA 
(Shchepinov et al., 1997; Loy et al., 2002), and were synthesized with an amino 
linker at the 5’ terminus to allow for covalent coupling of the oligonucleotides to 
the coated surfaces of the slides.  In addition, a 5’ amino-modified, 3’ 
Cy3-labeled control probe (5’-T spacer + GGGG-3’) was synthesized (IDT Inc., 
USA) to act as a positive control for the signal development procedure and as a 
positional reference mark during image acquisition. 
 
Table 3.1.  Probes used in this study 
Probea Sequence (5’ ?  3’)b No. of mismatch 
Bact1491_20 ACGGCTACCTTGTTACGACT 0 
Bact1491_20a ACGGCTACgaTGTTACGACT 2 
Bact1491_20b ACGGCTACCTTGTTACGAga 2 
Bact1491_20c ACGGCTACaTTGTTACGACT 1 
Bact1491_20d ACGGCTACtTTGTTACGACT 1 
Bact1491_20e ACGGCTACgTTGTTACGACT 1 
Bact1491_20f ACGGCTACCTTGTTACGAgT 1 
Bact1491_20g ACGGCTACCTTGTTACGAaT 1 
Bact1491_20h ACGGCTACCTTGTTACGAtT 1 
Bact1492_16 CGGCTACCTTGTTACG 0 
Controlc GGGG N.A.d 
a Probe names incorporate the target type (Bact, bacterial domain), E. coli starting position and 
number of nucleotides. 
b Mismatches are in lower case. 
c The control probe acts as a positive control, and is non-complementary to the target. 
d N.A. Not applicable. 
 
3.3 2-dimensional substrate-coated slides  
Three commercially available 2-dimensional slide formats were selected and 
used in this study to study the effect of different surface chemistry modifications 
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on single-base-pair discrimination.  These included an amino silane-coated glass 
slide from Corning Inc. (USA), an aldehyde-coated glass slide from Telechem 
International Inc. (USA), and a plastic slide coated with an unknown electrophilic 
group from Exiqon A/S (Denmark).  Their respective surface chemistries are 







A           B             C 
Figure 3.2.  Surface chemistry of different microchip formats, showing 
surface- immobilized probe profiles.  (A) Amino silane-coated microchip; (B) 
aldehyde-coated microchip; (C) electrophilic group-coated microchip. 
 
3.4 Nanoplotter 
A non-contact piezoelectric dispensing arrayer (Nanoplotter, GeSiM, 
Germany) was employed in the printing process of the oligonucleotide probes 
onto the respective substrate-coated slides.  The nanotip micropipette delivered a 
dosage of 0.3-0.4 nl per drop.  A NanoplotterTM software NP was used to control 
the movements and some basic functions of the Nanoplotter.  Specific programs 
were written by the user based on an in-house programming language for the 
printing of probes onto the slides.  The desired printed array pattern, number of 
duplicates for each printed probe, pitch size (spot-to-spot distance), number of 
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by changing the input values defined in the variables.  Various experimental 
parameters were tested and conditions were optimized before actual printing of 
probes took place.  Thus, any cross-contamination of probe samples due to 
carry-over in the micropipette could be avoided, and neat array layouts 
comprising of high-quality spots with homogeneous size could be produced.  
Important parameters for printing included a tip-to-slide dispensing distance of 2 
mm, tip pulse width of 87 ms, voltage of 52 V, washing volume of 500 ml and a tip 
drying period of 0.1 s. 
 
3.5 Oligonucleotide microchip fabrication 
Prior to printing, all oligonucleotide probes were diluted to a final 
concentration of 20 pmol ml-1 in 3 x saline-sodium citrate (SSC) for amino 
silane-coated slide, and respective manufacturer recommended spotting solutions 
for aldehyde- and electrophilic group-coated slides.  Individual probes were 
spotted at a volume of 1.05 ± 0.15 nl per spot (i.e. 3 drops) on different slides 
using the Nanoplotter.  Spotted slides were post-processed according to 
manufacturers’ protocols.  Briefly, for amino silane-coated slides, immobilization 
was carried out by baking printed slides in the oven at 80°C for 3 hr, followed by 
washing in a 95°C water bath for 2 min and then 95% ice-cold ethanol (EtOH) for 
1 min.  Slides were dried using a centrifuge (5 min, 600 rpm) and subsequently 
stored in a slide-holder in a desiccator at room temperature until use.  For 
electrophilic group-coated slides, printed slides were placed overnight in a 
humidity chamber containing filter paper pre-wetted in saturated sodium chloride 
(NaCl) solution.  The slides were then taken out, dried in a 37°C incubator and 
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stored prior to use.  For aldehyde-coated slides, printed slides were placed 
overnight in a slide-holder at room temperature to let the coupling reaction 
between probe and surface electrophilic group take place.  The slides were then 
transferred to 0.1% sodium dodecyl sulfate (SDS) for 5 min with gentle stirring, 
followed by washing in 2 x SSC for 2 min, 95°C water bath for 2 min, and 100% 
ice-cold EtOH for 3 min.  Slides were then dried and  stored.  However, it was 
recommended to use the slides once they were ready. 
 
3.6 Hybridization and washing of DNA microarrays 
Hybridization was carried out at 4°C for 16 hr (overnight) in a hybridization 
microchamber containing 20 ml of hybridization buffer and 400 ng of target DNA 
(final concentration 20 ng/ml) affixed onto the probe spotted area of a slide.  
Both formamide (FA)-based buffer (20 mM Tris-HCl pH 8.0, 0.9 M NaCl and 
40% v/v FA), and guanidithiocyanite (GuSCN)-based buffer (40 mM HEPES pH 
7.5, 5 mM EDTA pH 8.0 and 1 M GuSCN) were used during hybridization and 
washing steps.  After hybridization, the microarray was briefly rinsed once with 
100 ml of washing buffer at 4°C.  The microarray was then immediately covered 
with a microchamber containing 50 ml of washing buffer with varying Na+ 
concentrations.  The FA-based washing buffer consisted of 20 mM Tris-HCl pH 
8.0, 5 mM EDTA and different Na+ concentrations from 0.004, 0.01 to 0.1 M.  
The GuSCN-based washing buffer consisted of 1% Tween 20 and different Na+ 
concentrations from 0.015, 0.15 to 1 M.  The FA-based hybridization method 
was further used in the reusability test of microarrays.  The FA-based washing 
buffer consisted of 0.05 M Na+ concentration.  After the dissociation step, the 
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microchip was washed in distilled water for 1 hr at 60°C in the dark to remove 
virtually all bound targets (Yershov et al., 1996).  The same chip was used 
repeatedly for up to seven times. 
 
3.7 Melting curve analysis and image acquisition  
To generate melting curves for each probe-target duplex, the printed slide 
(with microchamber covering the array region) was stationed on a Peltier 
thermotable (temperature range, -25 to 120°C) mounted on the stage of an 
Olympus BX51 epifluorescence microscope.  The Peltier thermotable was 
connected to a temperature control device (Linkam Scientific Instruments Ltd, 
England), and controlled by using its corresponding LinkSys Version 2.39 
software.  The microscope was equipped with various  fluorescence filters 
(Olympus), a cooled charge-coupled device (CCD) camera SPOT-RT Slider 
(Diagnostic Instruments Inc.), and a 100 W HBO bulb.  Image acquisition and 
analysis were controlled by a computer using image analysis software MetaMorph 
(Universal Imagine Corporation, USA).  Non-equilibrium melting curves for all 
probe-target duplexes were determined between 7.5°C and 70°C by increasing the 
temperature at a rate of 0.8°C per min.  Image acquisition was made at an 
exposure time of 800 ms through a shutter control (Uniblitz Inc.), and was 
acquired at an interval of every 5°C.  A total exposure time of no more than 12 s 
(14 acquisitions) used was far less than the exposure time required for 
photobleaching of fluorescent labels (Fotin et al., 1998).  The corrected 
hybridization signal intensity for each spot was obtained by subtracting the local 
background surrounding each spot from the mean signal intensity for each 
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fluorescent spot using MetaMorph software.  A normalization step was carried 
out to compare the hybridization signals from different probe-target duplexes.  
The control probe was used as an internal standard to which all other duplex 
intensity signals were normalized against at each corresponding temperature (i.e. 
normalized hybridization intensity).  To plot various probe-target 
non-equilibrium dissociation profiles, each individual data set was further 
normalized using the following equation: 
Percentage of targets remaining on chip = (IT  / Imax) x 100   [3.1] 
where IT  = hybridization intensity at each corresponding dissociation temperature, 
Imax = maximum hybridization intensity of the data set.  For the present study, the 
initial intensity (intensity at 7.5°C) was always the maximum (i.e. Iint = Imax) for 
all data sets. 
 
3.8 ANOVA analysis 
 A conventional statistical approach, analysis of variance (ANOVA), was 
employed to determine the source of variability in the experimental data.  The 
significance of the various parameters in the determination of Tds and signal 
intensities were evaluated.  ANOVA tests were conducted using MS Excel 2000 
(Microsoft, Inc., Redmond, Wash.) on a MS Windows XP operating system.   
 
3.9 Discrimination Index 
D.I.temp i = (PMtemp i/MMtemp i) x (PMtemp i – MMtemp i)    [3.2] 
where PMtemp i, the hybridization intensity of PM duplex at a corresponding wash 
temperature, i; MMtemp i, the hybridization intensity of MM duplex at a 
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corresponding wash temperature, i; D.I. temp i, discrimination index at a 
corresponding wash temperature, i; and D.I.,  the maximum value of D.I.temp i. 
(The first bracketed term accounts for the discrimination ratio between PM and 
MM duplex and the second bracketed term accounts for the difference in signal 
intensity between PM and MM duplex.)   
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4 RESULTS AND DISCUSSION (I) 
- Discriminating Capability of Planar Oligonucleotide 
Microchips Using Non-Equilibrium Dissociation 
Approach 
 
4.1 Effect of surface chemistry modification on probe attachment 
Three 2-dimensional oligonucleotide microchips with different surface 
modification were prepared.  For the amino silane slides, oligonucleotide probes 
were immobilized by ionic attachment during the cross- linking step (baking at 
80°C) through free amine groups provided on the slide surface (Figure 3.2A), and 
therefore did not necessarily require a spacer and an amino-modified group 
terminally linked to the probes.  However, the probe attachment process took 
place at a random manner rather than an orderly perpendicular manner as 
observed with the other two coating methods based on end chemical linking to 
attach amino-modified probes onto the glass surface (Figures 3.2B and C).  
Carefully controlled printing and processing environment was also required for 
the amino silane chips to produce high quality microarrays.  For aldehyde and 
electrophilic group slides, no additional cross-linking step was required as this 
step was self-induced during the overnight incubation after printing. 
 
Shchepinov et al. (1997) suggested that the more an immobilized molecule  
was spatially removed from the solid support the closer it was to the solution state 
and the more likely it was to react freely with dissolved molecules.  Thus, a 
poly(T) spacer (15 mers) was introduced at the 5’ ends of individual probes in this 
study to improve the accessibility of the targets to the probe region, as well as to 
ensure that interactions between immobilized probes were minimized (for 
aldehyde and electrophilic group slides) (Loy et al., 2002).   
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4.2 Optimal probe spotting concentrations  
To compare spotting sizes among the three types of coated slides, the control 
probe was printed onto the slides using a non-contact microarrayer, processed 
accordingly and viewed under the epifluorescence microscope.  Microscopic  
images (40 x magnification) of the resultant microarray on each respective type of 
coated slide are shown in Figure 4.1.   



















         
Figure 4.1. Microscopic microarray images.  (A) Amino silane-coated 
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At a spotting volume of 1.05 ± 0.15 nl, both the amino silane and 
electrophilic group slides were able to produce spot sizes of approximately 150 
mm and 100 mm respectively, thus allowing for high printing density.  For 
aldehyde slides, spots were significantly larger (~ 250 mm) but probes were more 
homogeneously distributed within individual spots than the other two types.  
 
Different concentrations of the 20-mer PM probe Bact1491_20 ranging from 
1 mM to 75 mM were then printed in four replicates at each selected concentration 
onto all three types of substrate-coated slides, and subsequently subjected to 
FA-based hybridization.  Following hybridization, the microarray was briefly 
washed once with 100 mM of washing buffer, after which signal intensities of 
each individual spot were quantified.  Figure 4.2 shows the effect of probe 





















Figure 4.2. Concentration effect of immobilized oligonucleotide probes on 
hybridization intensity.  Fluorescent intensities shown were background- 
subtracted values.  Crosses (X), amino silane-coated microchip; diamonds ( ), 
aldehyde-coated microchip; circles (O), electrophilic group-coated microchip. 
 
Hybridization signals for all three slide formats were linearly proportional to 
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observed dynamic range for the electrophilic group and aldehyde slides agreed 
with that recommended by the manufacturers.  For the amino silane slide used, 
no information on the working range of oligonucleotide probes (< 50 nt in length) 
was recommended by the manufacturer.  However, at concentrations higher than 
45 mM, the rate of increase in hybrid ization intensities dropped considerably, and 
even showed a negative trend in the case of electrophilic group slide, suggesting 
that surface probe density could have reached or exceeded the maximal loading 
capacity of the slides.  These observations allied closely with previous reports 
that high surface probe densities could have an adverse effect on probe attachment 
and hybridization efficiencies (Peterson et al., 2001; Steel et al., 1998).  
Although the observed loading capacities of the 2-dimesnional layout were ~ 5 
folds lower than that of gel-pad elements (up to 200 mM) (Guschin et al., 1997), 
signal intensities were good for all slides with spotting concentrations higher than 
10 mM (> 500 auxiliary units at a 12-bit resolution after background subtraction) 
and were adequate for quantification purposes.  A spotting concentration of 20 
mM was selected for all further experiments and used to allow comparison of 
results across the various slides. 
 
4.3 Effect of surface chemistry coating, hybridization buffer type and salt 
concentration 
  
4.3.1 Non-equilibrium dissociation kinetics and Td  
The feasibility of producing non-equilibrium dissociation curves on 
individual chips was carried out by monitoring the fluorescence intensities of the 
probe-target duplexes at an increasing temperature range (7.5-70°C).  Figure 4.3 
indicates that the amino silane and aldehyde slides both exhibited typical sigmoid 
(S-shaped) melting curves comparable to that obtained using 3-dimensional 
gel-pad microchips (Liu et al., 2001; Urakawa et al., 2002).  In contrast, the 
electrophilic group slide exhibited a rather linear trend.  This behavior was likely 
to be related to the proprietary surface chemistry of the slide, and could not be 
properly explained here. 
 
















            
 
























Figure 4.3.  Dissociation curves (left) and normalized hybridization intensities 
(right) of PM probe Bact1491_20 on three slide formats at different salt 
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Table 4.1 summarizes the differences in Tds and initial hybridization 
intensities (normalized) between selected PM (Bact1491_20) and MM duplexes 
(Bact1491_20a and Bact1491_20c) under different hybridization buffer solutions 
and washing salt concentrations for all three coating formats.  Both the FA-based 
and GuSCN-based hybridization were conducted at various salt concentrations.  
As observed under a similar salt concentration, GuSCN-based hybridization 
tended to generate Tds that were slightly lower than FA-based hybridization.  For 
aldehyde slides, at 0.15 M Na+ (GuSCN-based), Td for the PM duplex was 53.8°C.  
However, at 0.1 M Na+ (FA-based), Td obtained for the same duplex was slightly 
higher (55.6°C) instead of lower (due to the more stringent conditions at a lower 
salt concentration).  This trend was observed for both PM and MM duplexes 
across all three types of coating formats. 
 
Table 4.1.  Td and initial hybridization intensities 
[Na+] in FA-based buffer  
(mM) 
 [Na+] in GuSCN-based buffer 
(mM) 
 Coating  
type 
100 10 4  1000 150 15 
PM         
Amino 55.7±0.5* 37.7±0.4 -  63.5±2.0 52.1±1.7 37.0±0.3 
Aldehyde 55.6±0.8 47.2±1.2 43.3±0.3  65.6±2.1 53.8±1.0 44.7±1.1 
 
Td (°C) 
Electrophilic  55.2±0.7 41.1±0.2 -  64.6±0.6 49.6±0.3 40.8±0.1 
Amino 79.0±4.7 54.6±3.3 -  102.0±6.0 97.4±2.9 81.6±5.6 
Aldehyde 110.5±2.8 93.5±5.8 51.2±5.9  133.3±5.1 118.1±3.5 89.2±6.5 
Initial hyb. 
intensity 
(norm) Electrophilic  84.5±6.0 82.4±6.7 -  115.6±6.0 93.7±4.8 83.0±3.5 
DT (°C)         
Amino -5.5 -6.0 -  -10.3 -8.1 -4.9 
Aldehyde -5.9 -5.2 -6.6  -10.2 -7.3 -6.6 
1 MM 
Electrophilic  -8.4 -5.3 -  -6.6 -8.8 -5.2 
Amino -14.0 -10.0 -  -15.4 -15.2 -9.2 
Aldehyde -11.1 -10.3 -9.6  -17.7 -14.1 -9.3 
2 MM 
Electrophilic  -15.1 -7.9 -  -10.4 -12.4 -7.3 
*, mean ± standard deviation 
 
Salt concentrations and surface coating chemistries were further found to 
have a strong effect on the normalized intensity before the start up of the washing 
and the Td.  Table 4.1 indicates that a decrease in salt concentrations generally 
reduced the initial normalized intensities and Tds for all three different slides.  A 
low salt concentration, for example at 0.004 M, could significantly reduce the 
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initial intensity of the probe-target duplex detected for all three types of slides, 
while a high salt concentration at 0.1 M could prevent the duplexes to be 
completely dissociated even at 70°C (Figure 4.3B).   
 
ANOVA revealed that salt concentration in the washing buffer significantly 
affected the Td of the probe-target duplex as well as signal intensities at the Td.  
For the PM probe (Bact1491_20), reducing the salt concentration by 0.01 M 
decreased the Td by approximately 1.0°C (Figure 4.4A).  However, a R2 value of 
< 0.95 for the best-fitted linear regression line suggested that the change in Td 
with respect to salt concentration was not linear (Figure 4.4A).  This observation 
was supported by various empirical equations that Tds and salt concentrations 
were not linearly correlated (Tijssen, 1993).  For DNA duplexes, the Td was 
proposed to be approximately proportional to 16.6log{[Na+]/(1+0.7[Na+])}.  
Further experiments incorporating a much larger range of salt concentrations in 
the dissociation process have to be conducted to evaluate the correlation between 
salt concentration and Td.  Signal intensities at Td also decreased linearly as salt 
concentration reduced from 0.1 M to 0.01 M; however, as salt concentration was 
further reduced to 0.004 M, signal intensities dropped drastically (Figure 4.4B).  
This might be partly due to the increased rate in dissociation at very low 
temperatures, resulting in low initial signal intensities, which in turn affected 
intensity signals at the Td.  Similar observations were noted for the MM probes.   
 
 Significant differences in the observed Tds among aldehyde, amino silane, 
and electrophilic group slides took place only at low salt concentrations using 
both the FA- and GuSCN-based buffers (Table 4.1 and Figure 4.3).   This 
difference was mainly attributed to probe surface density effect (Shchepinov et al., 
1997; Yershov et al., 1996; Hoheisel et al., 1993; Peterson et al., 2001).  As 
reported by Peterson et al. (2001), DNA films with an equal probe density 
exhibited reproducible hybridization efficiencies and kinetics, and an increase in 
the probe intensity could reduce hybridization efficiency and broaden the thermal 
denaturation curve.  In this study, using a 20-mM spotting concentration and a 
1.05 ± 0.15 nl spotting volume, produced a surface probe density of 1.5 x 1014, 6.8 
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x 1013, and 2.5 x 1013 copies per cm2 for the electrophilic group, the amino silane 
and aldehyde slides, respectively.  Thus, the observed Tds were different among 
those three different coating formats (Figure 4.3A).  To further support this 
argument, different concentrations of the PM probe (Bact1491_20) were printed 
on an amino silane slide and subjected to identical hybridization and dissociation 
conditions.  A decrease in the Tds of the PM duplex was observed when higher 


















Figure 4.4. Effect of salt concentration on Td (A) and signal intensities at Td (B) 
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Moreover, spacer lengths and surface electrostatic interaction could be two 
other factors that cause the decrease in the observed Td with the amino silane 
slides (Shchepinov et al., 1997; Vainrub and Pettitt, 2000, 2002). Vainrub and 
Pettitt (2002) reported that electrostatic repulsion could affect the binding 
thermodynamics between the assayed nucleic acid and the immobilized DNA 
probes, and thus cause partial inhibition on hybridization (i.e., Coulomb blockage 
of hybridization).  Vainrub and Pettitt (2000) proposed that at lower ionic 
strengths, the electrostatic effect could become stronger due to an increase in the 
Debye screening length, a theoretical length that estimates the extent or distance 
of the influence of a charge fluctuation from a solid surface.  Since the 
immobilized probes on the amino silane slides were closer to the surface than that 
on the aldehyde and electrophilic group slides (Figure 3.2), the probe-target 
interaction was subjected to stronger electrostatic effects, leading to a further 
decrease in Tds.  In contrast, the observed Tds at a higher salt concentration of 
0.1 M were nearly identical (55.2-55.7°C), suggesting that the effects of probe 
surface densities, spacer lengths and surface electrostatic s on the probe-target 
interaction and Td were diminished at high salt concentrations.  However, this 
explanation alone was not sufficed, as it did not take into account the complex 
interactions of the various mechanisms involved behind chip hybridization.   
 
Furthermore, it was observed for probes immobilized on the 2-dimensional 
microchips, that as salt concentration in the washing buffer decreased, the 
difference in Td (i.e. DT) between the PM and MM duplexes also decreased (Table 
4.1).  This observation was in contradiction to earlier results reported in Liu et al. 
(2001).  In their study, 3-dimensional polyacrylamide gel pads were used for the 
immobilization of a hierarchical set of 30 oligonucleotide probes targeting 5 
closely related bacilli strains.  Dissociation experiments conducted with various 
wash salt concentrations suggested that the use of a lower salt concentration 
increased DT between PM and MM duplexes, indicating that MM duplexes were 
destabilized more than PM duplexes.  Discrepancies in dissociation results 
obtained in this study and that of Liu et al. (2001) might be attributed to the 
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complex probe-target interactions involved in different microchip formats, which, 
to date, are still not fully understood. 
 
4.3.2 MM discrimination 
Table 4.2 shows the PM/MM ratios of selected PM and MM duplexes at the 
start up of the dissociation (i.e. 7.5°C) and at the Td of the PM duplex for all three 
types of slides subjected to various hybridization/dissociation conditions.  Using 
FA-based buffer, it was observed that regardless of the slide format, at higher salt 
concentrations (0.1 M), discrimination between PM and MM duplexes was 
relatively difficult to achieve at low temperatures.  As washing temperature 
increased, discrimination between PM and MM duplexes improved.  At the Td, a 
1.53-1.77 fold (PM and 1MM) and 2.06-3.54 fold (PM and 2MM) were achieved.  
On the other hand, at low salt concentrations, discrimination between PM and 
2MM duplexes became relatively good even at low temperatures.  A PM/2MM 
ratio of 1.13-1.89 was obtained at 7.5°C with a salt concentration of 0.01 M, 
suggesting the effect of brief washing on the MM discrimination.  At the Td, a 
1.29-1.76 fold (PM and 1MM) and a 3.55-6.76 fold (PM and 2MM) 
discrimination were achieved. 
 
Table 4.2. PM/MM signal intensity ratios at different salt concentrations 
[Na+] in FA-based buffer 
(mM) 
 [Na+] in GuSCN-based 
buffer (mM) 
 Coating  
type 
100 10 4  1000 150 15 
 Amino 0.97 1.14 -  0.99 1.22 1.21 
PM/1 MMT=7.5°C Aldehyde 1.07 1.13 1.11  0.99 1.02 1.34 
 Electrophilic  1.04 0.97 -  1.05 1.07 1.06 
 Amino 1.77 1.76 -  1.56 1.74 1.63 
PM/1 MMT=Td (PM) Aldehyde 1.53 1.45 1.61  1.25 1.46 2.00 
 Electrophilic  1.58 1.29 -  1.27 1.51 1.44 
 Amino 1.18 1.89 -  1.05 1.23 1.63 
PM/2 MMT=7.5°C Aldehyde 1.21 1.34 1.34  1.05 1.08 1.88 
 Electrophilic  1.14 1.13 -  1.02 1.11 1.21 
 Amino 2.06 6.76 -  2.35 2.44 3.57 
PM/2 MMT=Td (PM) Aldehyde 2.64 3.37 2.91  2.24 2.28 11.47 
 Electrophilic 3.54 3.55 -  1.44 1.92 2.56 
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Figure 4.5 illustrates the melting profiles and normalized hybridization 
intensities of the PM and MM duplexes on aldehyde slides (FA-based buffer, 
washing salt concentration 0.01 M).  As observed, good discrimination between 
PM and MM duplexes could be achieved at all temperatures < 70°C.  It was 
noted that the high PM/MM ratios were mainly attributed by (1) effect of the brief 
wash before the startup of the dissociation; and (2) effect of the non-equilibrium 
dissociation itself. 
 












Figure 4.5. Dissociation curves (left) and normalized hybridization intensities 
(right) for PM and selected MM duplexes at 0.01 M Na+(aldehyde slide) 
 
It was apparent from this study and previous reports (Liu et al., 2001; Tijssen, 
1993) that salt concentration or ionic strength had a stronger effect on the energy 
and the dissociation rate of MM probe-target duplexes than PM duplexes, and was 
a key parameter in discriminating PM from MM duplexes in oligonucleotide 
microchip studies.  However, the use of very low salt concentrations (< 0.01 M) 
could result in weak initial hybridization intensities (Table 4.1 and Figure 4.3).  
For amino silane and electrophilic group microchips, at a salt concentration of 
0.004 M Na+, initial signals became too low (< 200 auxiliary units after 
background subtraction) to be quantified and plotted systematically.  Similar 
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using GuSCN-based buffer under different salt concentrations (0.015, 0.15 and 1 
M). 
 
4.4 Performance evaluation of coated slide formats  
 The advantages and disadvantages of each selected type of slide format was 
evaluated and summarized in Table 4.3.   
 
Table 4.3.  Advantages and disadvantages of various coated slide formats  
Microchip 




 Produces spots of small 
diameter (150 mm), 
allowing for high printing 
density. 
 Probes used for 
immobilization need not 
be amino-derivatized. 
 
 Requires carefully 











 Produces spots of small 
diameter (100 mm), 
allowing for high printing 
density. 
 Relatively simple 
post-printing processing 
steps compared to the 
other two types. 
 Does not require 
cross-linking step. 
 
 Slide can be bent easily, 
thus care must be taken to 
ensure the flatness of the 
slide during printing and 
during the real-time 
dissociation process. 
 Dissociation curves 
obtained are more linear 








 Produces spots that are 
more homogeneous (i.e. 
probes are evenly spread 
out within the individual 
spots). 
 Certain types (like the one 
used in this study) do not 
require the cross-linking 
step. 
 Produces spots of large 
diameter (250 mm). 
 
Generally, all three slides were competent in the discrimination of the 
selected PM and MM probes.  However, it was noted that aldehyde slides were 
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relatively easier to handle during probe printing and were able to reproduce more 
consistent S-shaped dissociation curves.  Although individual spot sizes were 
comparatively larger, the use of aldehyde slides was sufficed for this study, as the 
production of a high-density array was not required.  Hence, emphasis was 
placed on aldehyde slides for further analysis. 
 
4.5 Effect of mismatched number, type and position on Td and MM 
discrimination 
To study the effects of the MM number, type and position have on the Td and 
discrimination of MM, dissociation was carried out for all probes under a washing 
salt concentration of 0.01 M.  The layout of the immobilized probes and 
real-time images of the microarray at different temperatures during the 
dissociation process were shown in Figure 4.6.  From the microscopic images, it 
could be observed that duplexes with 2 int ernal MM dissociated at the fastest rate, 
followed by duplexes with 1 internal MM and the 16-mer PM probe.  The 
dissociation rates of the 20-mer PM and external MM (both 1 and 2 MM) 
duplexes were the slowest.  Clear distinction could be made at a temperature of 
55°C between PM and internal MM duplexes, and between PM duplexes but 












Figure 4.6. Images of the microarray on aldehyde-coated slides (salt 























(1) 7.5°C (2) 50°C 
(3) 55°C (4) 60°C (5) 70°C 
0 = Bact1491_20 
1 = Bact1491_20a 
2 = Bact1491_20b 
3 = Bact1491_20c 
4 = Bact1491_20d 
5 = Bact1491_20e 
6 = Bact1491_20f 
7 = Bact1491_20g 
8 = Bact1491_20h 
9 = Bact1492_16 
C = control 
Probe 
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The effectiveness of the non-equilibrium dissociation approach in 
discriminating PM duplexes from duplexes with different MM numbers (1 and 2), 
types, and positions (internal and external) are further depicted in Table 4.4.  
Significant discrimination between the dissociation profiles of PM and internal 
MM duplexes could be obtained (Figure 4.7A).  Duplexes with one and two 
internal MM had a Td, which were 6.4 (averaged over the three internal MM 
probes) and 10.4°C lower than the PM duplex, respectively, showing the extent of 
destabilization an additional MM had on the Td.  However, the type of MM did 
not seem to play a significant part in the determination of Td, as 1 MM duplexes 
with different mismatch type exhibited similar Tds (39.8 to 40.7°C for internal 
MM duplexes).  In contrast, the melting profiles and Tds of those duplexes with 
different types of single external MM pairing (ag, tg or gg) were nearly identical 
(44.7 to 46.8°C), and could not be clearly differentiated from that of the PM 
duplex (Td = 46.7°C) (Figure 4.7B).  In fact, it was observed that initial 
hybridization intensities for duplexes with external MM were even higher than 
that for PM.  Initial PM/MM ratios of < 0.8 were obtained for all duplexes with 
external MM.  There were no significant improvements in the discrimination 
ratios even as washing temperatures were increased to the Td of the PM duplex.  
This would lead to difficulties in differentiating between closely related 
microorganisms (containing sequences with single external MM to the designed 
probes) when the microarray technique is applied to environmental studies. 
 
Table 4.4.  Effect of number, type and position of MM on Td and PM/MM 
signal intensity ratio 
MM PM/MM 
Probe 
Number Type Positiona 
DT (°C)b 
T = 7.5 °C T = Td (PM) 
Bact1491_20a 2 gg & aa 11, 12 -10.4 1.27 3.35 
Bact1491_20b 2 gg & aa 1, 2 +1.1 0.73 0.69 
Bact1491_20c 1 ag 12 -6.0 1.00 1.41 
Bact1491_20d 1 tg 12 -6.9 0.89 1.39 
Bact1491_20e 1 gg 12 -6.4 0.92 1.40 
Bact1491_20f 1 gg 2 -2.0 0.73 0.84 
Bact1491_20g 1 ag 2 +0.1 0.73 0.73 
Bact1491_20h 1 tg 2 -0.6 0.64 0.66 
a, position from 3’ terminus of probe 
b, with respect to the Td of the PM probe Bact1491_20 (= 46.7°C) 



































Figure 4.7.  Dissociation curves (left) and normalized hybridization intensities 
(right) for perfect match and mismatched duplexes (aldehyde-coated microchip, 
FA-based hybridization, salt concentration 0.01 M).  (A) Perfect match and 
internal mismatch(es); (B) perfect match and external mismatch(es). 
 
ANOVA (Table 4.5) revealed that besides salt concentration in the washing 
buffer, the number of MM (for internal MM) and the position of MM also 
significantly affected the Td, whereas the type of MM did not play a significant 
role.  In addition, ANOVA indicates that the number of external MM (0, 1 and 2) 
did not contribute significantly to the Td.  Similarly, ANOVA (Table 4.6) also 
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significantly affected the signal intensity of the probe-target duplexes at the Td, 
whereas the type of MM did not play a significant role.  These observations 
agreed with previous findings (Fotin et al., 1998, Stahl and Amann, 1991, 
Urakawa et al., 2002) that a MM near or at the terminus of a short duplex was less 
destabilizing than an internal MM, and that the type of MM was not a significant 
parameter.  Urakawa et al. (2002) have pointed out statistically that formamide 
concentration, position and type of MM contributed 75, 20, and 7% to the 
variation in Td values, respectively.  Since no effective means was currently 
known to differentiate PM duplexes from external MM duplexes, application of 
DNA microchip on the characterization of microbial community structure in 
environmental studies should be interpreted carefully.   
 
Table 4.5.  ANOVA of Td (FA-based experiments) as a function of salt 
concentration, number, type and position of MM (a = 0.05) 
Source df Mean square F P 
Salt concentration (%) 3 304.8 15.0 <0.0001 
Number of mismatch (internal) 2 94.1 14.7 0.0002 
Number of mismatch (external) 2 5.0 1.3 0.2883 
Position of mismatch from 3’ end 1 128.2 24.5 0.0001 
Type of mismatch 2 1.3 0.1 0.8909 
  
Table 4.6.  ANOVA of signal intensity at Td (FA-based experiments) as a 
function of salt concentration, number, type and position of MM (a = 0.05) 
Source df Mean square F P 
Salt concentration (%) 2 1324.8 8.0 0.0015 
Number of mismatch (internal) 2 847.4 71.8 <0.0001 
Number of mismatch (external) 2 200.3 5.1 0.0187 
Position of mismatch from 3’ end 1 3253.4 130.8 <0.0001 
Type of mismatch 2 132.4 0.8 0.4685 
 
4.6 Discrimination Index 
Urakawa and co-workers (2003) indicated that the Td was not necessarily the 
temperature at which the discrimination between PM and MM intensities is at its 
maximal, and thus proposed a discrimination index (D.I.) (equation 3.2) that could 
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be used to discriminate PM from MM duplexes.  At present, the D.I. approach 
was only applicable in the discrimination of internal MM (referring to duplexes 
with MM that are not at terminal or next-to-terminal positions), where melting 
profiles differed significantly between PM and MM duplexes (Urakawa et al., 
2003).   
 
Table 4.7 shows values of PM/MM (i.e. discrimination ratios) and PM – MM 
(i.e. differences in signal intensities) at the initial dissociation temperature (7.5°C) 
and at the Td of the PM duplex (46.7°C), which are multiplied accordingly to give 
the D.I. at each corresponding temperature.  A washing salt concentration of 0.01 
M was used in the experiment.  Using the D.I. approach, results showed that it 
was not possible to discriminate between the PM and most MM duplexes at 7.5°C, 
as D.I. values of all MM duplexes (excluding Bact1491_20a) were negative.  
However, D.I. values increased significantly when temperature was raised.  At 
Td, D.I. values for duplexes with single internal MM were > 10, thus providing for 
clear discrimination between the PM and internal MM duplexes.  On the other 
hand, discrimination between the PM and external MM duplexes was still not 
attainable at the Td. 
 
Table 4.7.  Discrimination indexes at initial temperature and at Td 
(PM/MM)temp i  (PM – MM)temp i  D.I. temp i  D.I. max Probe Td (°C) 7.5°C Td (PM)  7.5°C Td (PM)  7.5°C Td (PM)  value T (°C) 
Bact1491_20 46.7 – –  – –  – –  – – 
Bact1491_20a 36.3 1.27 3.35  16.05 29.25  20.39 97.99  1943.41 50.0 
Bact1491_20b 47.8 0.73 0.69  -28.09 -16.76  -20.47 -11.61  – – 
Bact1491_20c 40.7 1.00 1.41  -0.11 10.78  -0.11 15.24  74.35 55.0 
Bact1491_20d 39.8 0.89 1.39  -9.52 9.95  -8.46 13.80  102.26 55.0 
Bact1491_20e 40.3 0.92 1.40  -6.28 10.25  -5.79 14.30  227.43 60.0 
Bact1491_20f 44.7 0.73 0.84  -27.46 -7.65  -20.13 -6.43  – – 
Bact1491_20g 46.8 0.73 0.73  -27.70 -14.03  -20.26 -10.22  – – 
Bact1491_20h 46.1 0.64 0.66  -42.43 -19.64  -27.15 -12.92  – – 
 
To study D.I. profiles in more detail, D.I. plots against temperature for 
duplexes with internal MM are shown in Figure 4.8.  It was observed (Figure 
4.8A to C) that the maximum D.I. between PM duplex and duplexes with 2 
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internal MM and 1 internal MM (regardless of the MM type) did not occur at the 
Td of the PM duplex, but at temperatures approximately 5-10°C and 10-15°C 
higher than the Td of the PM, respectively.  Figure 4.8D further shows that the 
signal intensities for the MM probes at a temperature higher than 50oC could drop 
to zero, as the result of the first bracketed term in equation 3.2 approached infinity.  
However, clear discrimination between PM and MM duplexes was still achievable  
because signal intensities for PM duplexes still remained fairly strong (~32% of 
initial intensity detected at 55°C).  Thus, care must be taken when interpreting 












Figure 4.8.  Discrimination indexes for internal mismatches (aldehyde-coated 
microchip, FA-based hybridization, salt concentration 0.01 M).  (A) 
Bact1491_20c (1 A-G mismatch); (B) Bact1491_20d (1 T-G mismatch); (C) 
Bact1491_20e (1 G-G mismatch); (D) Bact1491_20a (2 mismatches).  The gray 
region in (D) indicates temperature range at which equation fails to give a finite 
answer as signal intensities for MM duplex fall to zero. TdM, dissociation 
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4.7 Reusability of aldehyde-coated microchip 
Figure 4.9 shows images of the same microarray during various cycles of 
hybridization and stripping.  Non-equilibrium melting curves of all selected 
20-mer probe-target duplexes in the first and seventh dissociation and their 
corresponding normalized hybridization intensities are also depicted in Figure 
4.10.  Nearly identical melting profiles were obtained for all seven dissociation 
experiments, and Td for the 20-mer PM duplex Bact1491_20 remained relatively 
constant at 49.5±0.5°C.  Discrimination between PM and internal MM remained 
good after seven cycles.  The stripping process of the microarrays after each 
dissociation cycle proved efficient in the removal of all bound targets.  Results 
suggested that the aldehyde-coated slides could be repeatedly used for at least 
seven consecutive cycles of hybridization and stripping with negligible loss of 
hybridization signal.  These observations supported the reusability potential of 
such chips for comparative hybridization experiments, thus eliminating the errors 












Figure 4.9.  Multiple re-use of DNA microarrays on aldehyde-coated slides.  (1) 
1st hybridization; (2) after 1st stripping; (3) 2nd hybridization; (4) after 2nd stripping; 
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Figure 4.10. Non-equilibrium melting curves of selected 20-mer probe-target 
duplexes during 1st and 7th dissociation cycles (salt concentration 0.05 M).  (A) 
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In summary, overall results showed that the type of coating on slides used for 
microarray analysis contributed substantially to probe spotting concentration and 
spotting size.  These differences further affected surface probe densities and 
probe-target interaction, which were probably the major causes for the difference 
in overall melting profiles and Tds.  Thus, care must be exercised when 
comparing experimental results obtained with different slide formats.  Optimized 
working conditions for one type of slide format might not necessarily work for 
another type.  To achieve consistent and high quality results when using new 
format microchips, preliminary studies should be carried out to optimize 
experimental conditions before actual experimentation was conducted with the 
samples of interest.  Using these 2-dimensional formats and the non-equilibrium 
melting approach, comparable discrimination between PM and internal MM 
duplexes as obtained using gel-pad microchips could be achieved based on the Td 
or D.I. method; whereas both approaches failed to give satisfactorily results for 
duplexes with external MM.  The potential reusability of 2-dimensional 
microchip (e.g., aldehyde slides) further provided users an advantage by 
eliminating errors evolving from inter-slide variations.  Costs for such analysis 
works can also be cut considerably. 
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5 RESULTS AND DISCUSSION (II) 
- Numerical Analysis 
 
5.1 Motivation 
DNA microarray technology will eventually be applied to environmental 
samples, where numerous unknown target sequences can be present at the same 
time.  This will no doubt add complications to the hybridization experiments due 
to the complex nature of environmental samples.  Hence, the problem of ‘false-
positive’ and ‘false-negative’ results may arise.  It is possible that a positive signal 
does not necessarily indicate the presence of a particular group or species of 
microorganisms, and a negative signal does not necessarily imply their absence.  
In other words, one can never be absolutely sure of the presence or absence of any 
microbial group or species based on hybridization results alone.  Many 
researchers have attempted to minimize the errors involved in such analysis 
experiments by printing replicates of probes and repeating the experiments many 
times, or by including probes at various hierarchical levels to increase signal 
redundancy.  However, none has tried to employ a systematic analysis approach to 
analyze the results in a statistical manner, and to provide an estimate of the 
probable occurrence of specific microbial species in an unknown sample.  
Furthermore, there can be numerous probes that target the same species and it will 
be necessary to perform extensive calculations to determine the likelihood of the 
particular species.  Nevertheless, it will be impractical to perform manual 
calculations when the data is large.   
 
The objective of this numerical study is to build a mathematical model to 
compute the probability of occurrence of each microbial species of interest.  
Specific probes that target single species are able to give predictions with 100% 
certainty while non–specific probes, depending on the number of species that they 
target, give less precise predictions.  However, all probes can be subjected to 
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errors and further lead to discrepancies.  Thus, a reliability measure should be 
introduced to quantify the consistency of the results.  
 
5.2 Conditional Probability 
The probability of occurrence with a particular microbial species can be 
computed based on the True / False signal of a probe, and will depend on the 
number of species that the specific probe is able to detect.  A True signal infers 
that the intensity signal for the probe is higher than the threshold value or the cut-
off point that is computed based on a certain percentage of the average intensity 
values obtained with the control probes.  The conditional probabilities (CP) are 
computed based on ideal probes (i.e. probes that are capable of hybridizing to 
only PM targets).  An ideal probe will give a True signal if any of the targeted 
species is present and a False signal if none of the targeted species is present.  
Table 5.1 shows an example of different probes (arbitrary), as well as the number 
and types of bacteria they target. 
 
Table 5.1. Probe definition 
Probe Name Bacteria Name No of Targeted Bacteria 
PrbA BactA1 1 
PrbB BactB1, BactB2 2 
PrbC BactC1, BactC2, BactC3  3 
 
Table 5.2 further shows the only possibilities that can be obtained with 
PrbA.  Equations 5.1a and 5.1b show that the CP of BactA1 being present given 
that PrbA is true, will be 1.0 (100%) while the CP of BactA1 being absent given 
that PrbA is false, will also be 1.0 (100%).  All the other scenarios will have zero 
probability, as it are theoretically impossible to have ‘false-positive’ or ‘false-
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P(BactA1 present/PrbA true) = P(BactA1 presentÇPrbA true)/P(PrbA true) 
 = (1/2) / (1/2) = 1.0 [5.1a] 
P(BactA1 present/PrbA false) = P(BactA1 presentÇPrbA false)/P(PrbA false) 
 = (0) / (1/2) = 0.0 [5.1b] 
 
Table 5.3 shows the possible outcomes for probe PrbB which targets 2 
bacteria and sample calculations for the CP of BactB1 are shown in Equations 
5.2a and 5.2b.  The CP for a bacterium to be present (signal = True) decreases 
when the number of bacterial targets for a probe increases.  However, the CP of a 
bacterium to be absent (signal = False) will not be affected.  For a probe, PrbX 
which can detect n number of bacteria (BactX is any arbitrary bacteria), the 
general equation for the CP are described by Equations 5.3a and 5.3b. 
 
Table 5.3. Outcome possibilities for probe that targets 2 bacteria 
BactB1 BactB1 PrbB 
Present Absent True 
Absent Present True 
Present Present True 
Absent Absent False 
 
 
P(BactB1 present/PrbB true) = P(BactB1 presentÇPrbB true)/P(PrbB true) 
 = (2/4) / (3/4) = 0.67 [5.2a] 
P(BactB1 present/PrbB false) = P(BactB1 presentÇPrbB false)/P(PrbB false) 
 = (0) / (1/4) = 0.0 [5.2b] 
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P(BactX present/PrbX true) = P(BactX presentÇPrbX true)/P(PrbX true) 
 = (2n–1) / (2n–1) [5.3a] 
P(BactX present/PrbX false) = P(BactX presentÇPrbX false)/P(PrbX false) 
 = (0) / (1/2n) = 0.0 [5.3b] 
 
The probability converges rapidly to 0.5 as n approaches infinity.  This is 
reasonable because a probe which can detect a large number of bacteria can only 
have a probability of 50% for the occurrence of any bacteria if the result is True.  
In other words, such a probe will be inconclusive if the result is True because the 
bacteria can be predicted with 50% certainty without performing any test.  On the 
other hand, if the probe signal is False, the probability that BactX is present will 
always be 0.0 (0%). 
 
The use of CP can only be made for ideal probes.  In actual experiments, 
probes are never ideal and can be subjected to experimental errors.  Multiple 
testing with similar probes may yield different signals and leads to inevitable 
inconsistencies.  If the signals from the multiple tests are different, the probability 
of occurrences and reliability of the readings will be affected.  However, if the 
multiple testing lead to identical signals, the probability of occurrences will not be 
affected but the reliability of the readings will be improved.  The treatment of all 
possible outcomes will be discussed in the following sections.   
 
5.3 Probability Index 
The examples in Section 5.2 conclude that CP of 0.0 and 0.5 correspond to 
False signal and Inconclusive result respectively, while a CP of greater than 0.5 
leads to True signal.  However, a CP of 0.5 is not a convenient scale for 
comparison, and thus can be normalized by generating a probability index (PI) 
with a scale from –1.0 to 1.0 (Equations 5.4a and 5.4b).  A CP of 0.5 will have a 
neutral PI of 0.0 while a True signal will have a positive PI and a False signal will 
have a negative PI.  
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PI(BactX present/PrbX true) = [P(BactX present/PrbX true) – 0.5] / (0.5) 
 = 1 / (2n–1) [5.4a] 
PI(BactX present/PrbX false) = [P(BactX present/PrbX absent) – 0.5] / (0.5) 
 = –1.0 [5.4b] 
 
Probability Index based on a single probe:  The PI for a single probe can be 
computed as defined in Equation 5.4a and 5.4b.  For illustration, consider the 
probe PrbC defined in Table 5.1 and the sample calculations for BactC1 as given 
by Equation 5.5a and 5.5b.  A False signal excludes all possibilities of the 
presence of any bacteria while a True signal does not imply that all the targeted 
bacteria are present.  A True signal for a probe that targets more than 1 bacterium 
shall have less weightage as compared to a False signal and this is reflected in the 
PI. 
 
PI(BactC1 present/PrbC true) = 1 / (23–1)  = 0.143 [5.5a] 
PI(BactC1 present/PrbC false) = –1.0 [5.5b] 
 
Probability Index based on multiples of the same probe:  There is no restriction on 
the number of probes that shall be used to target one bacterium.  Usually, a single 
probe will be sufficient to yield reliable and accurate results, but due to the non–
ideal nature, duplicates or triplicates of the same probe are often used to increase 
the reliability of the test results.  As pointed out in Section 5.2, having multiples 
of the same probe will not increase the probability of the probe in detecting the 
presence of the bacteria.  Therefore, the PI for multiples (PIadj) shall be based on 
the average of the probability indexes of probes that can detect a certain bacterium 
as given by Equation 5.6.  Table 5.4 illustrates the PI results using duplicates of 
the probe PrbB (PrbB1 and PrbB2) to detect BactB. 
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Table 5.4. PI for duplicates of the same probe 
PrbB1 PI(PrbB1) PrbB2 PI(PrbB2) PIavg(BactB) 
True 0.333 True 0.333 0.333 
True 0.333 False –1.000 –0.333 
False –1.000 True 0.333 –0.333 
False –1.000 False –1.000 –1.000 
 
Probability Index based on different probes that target the same bacterium: 
Sometimes, different probes can target different regions of a gene allele (e.g. 
rRNA sequence) from a bacterium.  In this case, the PI are computed in the same 
way as multiples of the same probes discussed in the previous section.   
 
Probability Index based on different probes at different hierarchical levels:  In the  
actual design of the experiment, it is not likely to use only one type of probe for 
each bacterium.  A number of different probes can target a bacterium at various 
hierarchical levels (e.g. at a domain, family, genus or species level).  If the probes 
are all ideal, the most informative PI will be based on the probe that targets the 
least number of bacteria.  However, not all probes are ideal.  Thus, it will be more 
appropriate to consider the signals for all the probes that can target a particular 
bacterium, by summing up the PI of all the different probes for a particular 
bacterium.  Table 5.5 shows the PI for probes that target different number of 
bacteria.  The PI have a high rate of decrease with respect to the number of 
bacteria if the signal is True, implying that probes which target more bacteria will 
make significantly less contribution to the summed probability index (PIsum).  On 
the other hand, if the probe result is False, the contribution to the PIsum will be –
1.0.  The significance of the probes at different hierarchical levels is reflected by 
the different contributions to the PIsum, the probability of occurrence of the 
bacterium.  The advantage of using PI as compared to CP is obvious as CP will 
not be meaningful after it has been summed.  This is so because the sum of CP for 
all probes used will not converge to any definite value, and thus relative 
comparison is not possible between experiments.  
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Table 5.5. PI for probes that target different number of bacteria 
Number of targeted strains PI if True PI if False 
1 1.000 –1.0 
2 0.333 –1.0 
3 0.143 –1.0 
4 0.067 –1.0 
5 0.032 –1.0 
6 0.016 –1.0 
7 0.008 –1.0 
8 0.004 –1.0 
9 0.002 –1.0 
10 0.001 –1.0 
 
The sum of the PI of all possible probes for a set of True signals converges 
quickly to a value of 1.6067.  Since a positive scale from 0.0 to 1.0 will give the 
user an easy interpretation of the relative magnitude of the probability, the PIsum 
can be scaled down to a maximum value of 1.0 by dividing the obtained value 
with 1.6067.  If the test result is False, the PIsum will not converge and there is no 
minimum value.  In this case, to adjust the scale back to a range from –1.0 to 0.0, 
the PIsum shall be divided by a number which is a count of those probes that 
involve a negative PI.   
 
One can consider 3 probes, PrbA_1, PrbA_2 and PrbA_3, all of which 
target BactA but each of these probes target a different number of bacteria, namely 
1, 2 and 3 bacteria respectively.  Table 5.6 shows the adjusted probability index 
(PIadj) for probes.  If PIsum is positive, the sum of the PI of the probes is (1.000 + 
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Table 5.6. PIadj for probes if PIsum is positive 
Probe Name No of targeted strain Probe Result PI 
PrbA_1 1 True 1.000 
PrbA_2 2 True 0.333 
PrbA_3 3 False –1.000 
 
Table 5.7 shows the adjusted probability index (PIadj) for probes if PIsum is 
negative.  The sum of the PI of the probes is (–1.000 + 0.333 – 1.000) = –1.667, 
and the PIadj is (–1.667/2) = –0.8333. 
 
Table 5.7. PIadj for probes if PIsum is negative 
Probe Name No of targeted strain Probe Result PI 
PrbA_1 1 False –1.000 
PrbA_2 2 True 0.333 
PrbA_3 3 False –1.000 
 
5.4 Reliability Index 
Probability Indexes do not reveal all the vital information that can be 
inferred from the experimental results.  For example, a single specific probe that 
detects the presence of a certain bacterium will have the same PI as a duplicate 
test with specific probes which has 2 True signals.  In the latter case, the test 
results are more reliable as there are 2 sets of results to confirm that the signals are 
True while there is only 1 set of result in the former case.  A Reliabilty Index (RI) 
is introduced to tell the user the reliability of the test result.  The RI of a certain 
bacteria is computed based on the sum of all the PI of the probes that can detect 
that particular bacterium.  This can be illustrated by considering the following 
probes that target BactA as defined in Table 5.8.  The subscript denotes replicates 
of a probe while the number after the underscore denotes the different probes that 
target the same bacteria. 
 
RI(BactX) = [PI(PrbX1) + … + PI(PrbXn)] [5.7] 
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Table 5.8. Probe definition and results that yield positive RI 
Probe A_11 A_12 A_21 A_22 
No. of Target 1 1 2 2 
Result True True True False 
PI 1.000 1.000 0.333 –1.000 
 
Equations 5.8a to 5.8c show the sample calculations for the RI for a set of 
results with positive PIadj.  A positive RI suggests a reliable reading while a 
negative RI suggests an unreliable reading.  In addition, a RI of 1.0 and above will 
tell the user that a high level of confidence is associated with the PI as a RI of 1.0 
corresponds to a single test with a specific probe that yields True signal.  There is 
no specific range for the RI as it is not bounded for an infinite number of True 
signals.  If the PI is positive, we will also expect the RI to be positive for reliable 
results that the particular bacterium is present. 
 
PIsum(BactA) = [(1.000 + 1.000) / 2] + [(0.333 – 1.000) / 2] = 0.667 [5.8a] 
PIadj(BactA) = 0.667 / 1.6067 = 0.415 [5.8b] 
RI(BactA) = 1.000 + 1.000 + 0.333 – 1.000 = 1.333  [5.8c] 
 
If the PI is negative, the sum of a set of reliable PI will result in a negative 
RI.  However, since the RI is defined to be positive for reliable results, the 
negative RI has to be adjusted.  Therefore, if the PI is negative, the sign of the RI 
is reversed, resulting in an adjusted Reliability Index (RIadj) as shown in Equation 
5.9and 5.9b. 
 
RIadj(BactX) = –RI(BactX) if RI is negative [5.9a] 
RIadj(BactX) = +RI(BactX) if RI is positive  [5.9b] 
 
For illustration, consider the set of probe results shown in Table 5.9. The 
sample calculations are shown in Equations 5.10a to 5.10d for a set of signals 
which yield negative PIadj. 
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Table 5.9. Probe definition and results that yield negative RI 
Probe A_11 A_12 A_21 A_22 
No. of Target 1 1 2 2 
Result True False True False 
PI 1.000 -1.000 0.333 –1.000 
 
PIsum(BactA) = [(1.000 – 1.000)/2] + [(0.333 – 1.000)/2] = –0.333 [5.10a] 
PIadj(BactA) = –0.333 / 1 = –0.333 [5.10b] 
RI(BactA) = 1.000 – 1.000 + 0.333 – 1.000 = –0.667  [5.10c] 
RIadj(BactA) = –RI(BactA) = 0.667 [5.10d] 
 
 The sample calculations show that the RIadj takes into account the different 
weightage of the True and False signals when the probes target more than one 
bacterium.  This again shows the advantage of using the PI as the basic building 
block for all other indexes. 
 
Reliability Index for Specific Probes:  A Reliability Index is also computed to 
determine the reliability of specific probes (i.e. probes that target only one 
bacterium).  If n replicates of a particular specific probe PrbA_1 are denoted by 
PrbA_11, PrbA_12, … PrbA_1n, the Reliability Index for the specific probe (RIsp) 
PrbA_1 can be defined by Equation 5.11. 
 
RIsp(PrbA_1) = [PrbA_11 + PrbA_12 + … + PrbA_1n] / n [5.11] 
 
The RIsp ranges from –1.0 to 1.0.  A RIsp of 1.0 implies that the probe is consistent 
in detecting a True signal while a RIsp of –1.0 implies a consistency in detecting a 
False signal.  Any small value near to zero implies that the probe is not reliable. 
 
5.5 Combined Index 
The Combined Index (CI) is introduced to take into account both the 
probability and reliability of the results.  The definition of the CI is simply the 
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product of the PIadj and the RIadj.  Earlier, it has been discussed that a RIadj of 1.0 
and above is sufficiently reliable and therefore the RIadj will be capped at 1.0 for 
the computation of the CI.  In other words, if the RIadj is greater than 1.0, a value 
of 1.0 will be used to compute the CI.   
 
Since both PIadj and RIadj have a scale from –1.0 to 1.0, the CI will also 
have a scale from –1.0 to 1.0.  A probe that targets 2 bacteria has a PIadj of 0.207 
and it will be advisable to have a threshold for CI that is greater than this value.  
The threshold for accepting the test results will depend on the user.  But it is 
recommended that a CI greater than 0.3 or lesser than –0.3 will imply the presence 
or absence of the bacteria, respectively.  A value between –0.3 and 0.3 will be 
inconclusive.  The proposed threshold range for presence, absence of bacteria and 
inconclusive results in this case is almost equally distributed. 
 
5.6 Numerical implementation 
The theoretical work that is necessary for analyzing the fluorescent 
intensity signals are described in the earlier sections.  However, due to the 
repetitive nature of the computations and the number of data involved, it will be 
efficient to implement it numerically.  The algorithm is written in Visual Basic to 
make use of the Excel interface for data input and output. 
 
Define Size of Input:  The first step is to define the size and layout of the 
microarray to be analyzed.  The Excel interface for the data entry is shown in 
Figure 5.1.  The Number of Columns, Number of Rows, Column Number for 
Control and Sensitivity Level are to be entered into the relevant cells.  The 
Sensitivity Level refers to the percentage of the average Control Intensity Value, 
which will be used as a threshold value to test the presence of bacteria in the 
micro-array.  Other functions in the program are shown in the icons on the right.  
By clicking on individual icons, one can switch between various worksheets, and 
hence make any adjustments during the analysis if required. 
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Number of Columns 7
Number of Rows 5













1 2 3 4 5 6 7
1 8 8 9 11 12 12 100
2 20 20 8 8 12 12 100
3 20 20 9 11 12 12 100
4 5 5 9 11 12 12 100
5 50 20 8 12 100
Define Size of Input Bacteria List Probe List
Bacteria Table Check Bacteria Table Probe Table
Clear Data
Check Probe Table











Figure 5.1. Table for defining size of input 
 
Light Intensity Table:  The light intensity levels as obtained in the experiment are 
entered into the appropriate cells shown in Figure 5.2.  If there is an empty slot in 
the microarray, the corresponding cell will be left empty in the program.  The 











Figure 5.2. Light intensity table 
 
Bacteria List :  The Bacteria Names are entered in the first column of the listing 
shown in Figure 5.3.  The first row is reserved for the Control and should not be 
edited.  There should not be any empty cells between any Bacteria Name.  The 
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Figure 5.3. Bacteria list 
 
Probe List:  The Probe Name is entered in the first column of the Probe List in 
Figure 5.4.  The first row is reserved for the Control and should not be edited.  
There should not be any empty cells between any Probe Name.  The Probe 
Symbol has to be entered in the second column of the Probe List.  The valid 
notation for the Probe Symbol ranges from Prb1001 to Prb1999, which means 
that 999 probes can be analyzed simultaneously by this program.  However, if 
there is more than one type of specific probes for a certain bacterium, the last 
three numerals remain the same but the first numeral should be different from the 
others.  For example, if there are 3 different specific probes which targets the 
same bacterium, it shall be denoted by the symbols Prb1003, Prb2003 and 
Prb3003.  The program assumes that the number of replication for each of these 
probes is the same.  The third column should be entered with the number of 
bacteria that the probe targets.  The fourth column is used by the program to 
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1 2 3 4 5 6 7
1 Bacteria A Bacteria A Bacteria B Bacteria B Bacteria C Bacteria C Control




Bacteria D Bacteria D Bacteria E Bacteria E Control




Bacteria F Bacteria F Bacteria G Bacteria G Control




Bacteria H Bacteria H Bacteria I Bacteria I Control





Bacteria J Bacteria K Control
Define Size of Input Bacteria List Probe List
Light Intensity Table Check Bacteria Table Probe Table
Clear Data
Check Probe Table











Figure 5.4. Probe list 
 
Bacteria Table:  Names of different bacteria are entered into the appropriate cells 
shown in Figure 5.5 as designed in the microarray experiment.  A comma 












Figure 5.5. Bacteria table 
 
Bacteria Table (in symbols):  The Bacteria Table (in symbols) in Figure 5.6 
provides a check for the bacteria names that have been entered by the user in 
Bacteria Table.  If there is an input error, the correct symbol will not appear and 
the user has to revert back to Bacteria Table to correct the corresponding cell. 
Probe Name Probe Symbol No. of targeted strain Prob Index if TRUE
Control CT
Probe1A Prb1001 1 1.00
Probe1B Prb1002 1 1.00
Probe1C_1 Prb1003 1 1.00
Probe1C_2 Prb2003 1 1.00
Probe1D Prb1004 1 1.00
Probe1E Prb1005 1 1.00
Probe2DE Prb1006 2 0.33
Probe1F Prb1007 1 1.00
Probe1G Prb1008 1 1.00
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Define Size of Input Bacteria List Probe List
Bacteria Table Probe Table Check Probe Table
Light Intensity Table
Compute Bacteria Indexes Probe Indexes Output Table
1 2 3 4 5 6 7






















Define Size of Input Bacteria List Probe List
Light Intensity Table Bacteria Table Check Bacteria Table
Clear Data
Check Probe Table
Compute Bacteria Indexes Probe Indexes Output Table
1 2 3 4 5 6 7
1 Probe1A Probe1A Probe1B Probe1B Probe1C_1 Probe1C_2 Control
2 Probe2DE Probe2DE Probe1D Probe1D Probe1E Probe1E Control
3 Probe2FG Probe2FG Probe1F Probe1F Probe1G Probe1G Control
4 Probe3HI Probe3HI Probe1H Probe1H Probe1I Probe1I Control











Figure 5.6. Bacteria table (in symbols)  
 
Probe Table:  The Probe Table is similar to the Bacteria Table and the probe 








Figure 5.7. Probe table  
 
Probe Table (in Symbols):  The Probe Table in Figure 5.8 provides a check for the 
probe names that have been entered in the Probe Table.  If there is an input error, 
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1 2 3 4 5 6 7
1 Prb1001 Prb1001 Prb1002 Prb1002 Prb1003 Prb2003 CT
2 Prb1006 Prb1006 Prb1004 Prb1004 Prb1005 Prb1005 CT
3 Prb1009 Prb1009 Prb1007 Prb1007 Prb1008 Prb1008 CT
4 Prb1012 Prb1012 Prb1010 Prb1010 Prb1011 Prb1011 CT
5 Prb1016 Prb1015 Prb1013 Prb1014 CT
Define Size of Input Bacteria List Probe List
Bacteria Table Check Bacteria Table Probe Table
Light Intensity Table









Figure 5.8. Probe table (in symbols)  
 
Compute (icon):  The Compute icon is used to compute and tabulate the results.  
The length of the computation depends on the size of the program.  If there are 
changes to any of the input tables, the user has to recompute to update the results. 
 
Bacteria Indexes:  The Bacteria Indexes is tabulated in Figure 5.9 to show the 
indexes that are used to predict the presence of the bacteria.  The Bacteria Name 
appears in the first column.  In the second column, it shows the PIadj and in the 
third column it shows the RIadj.  The forth column shows the CI and an NR output, 
if any, means that the result is Not Reliable.  An NR output is due to negative 
RIadj.  In the last column, it shows the number of different specific probes (SP) 
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Bacteria Name PI RI CI SP
Bacteria A -1.000 2.000 -1.000 1
Bacteria B 0.000 0.000 0.000 1
Bacteria C 0.623 2.000 0.623 2
Bacteria D -0.667 1.333 -0.667 1
Bacteria E 0.830 2.667 0.830 1
Bacteria F 0.208 0.667 0.138 1
Bacteria G 0.830 2.667 0.830 1
Bacteria H -0.500 2.000 -0.500 1
Bacteria I 0.000 0.000 0.000 1









Define Size of Input
Probe Indexes
Output Table
Probe Name Targeted Bacteria RI
Probe1A Bacteria A -1.000
Probe1B Bacteria B 0.000
Probe1C_1 Bacteria C 1.000
Probe1C_2 Bacteria C 1.000
Probe1D Bacteria D -1.000
Probe1E Bacteria E 1.000
Probe1F Bacteria F 0.000
Probe1G Bacteria G 1.000
Probe1H Bacteria H 0.000























Figure 5.9. Bacteria indexes  
 
Probe Indexes:  The Probe Indexes in Figure 5.10 show the RI that are used to 
quantify the reliability of a specific probe.  The bacterium that has been targeted 













Figure 5.10. Probe indexes  
 
Output Table:  The Output Table in Figure 5.11 shows the True / False output 
based on the light intensity signal that has been entered in the corresponding cells 
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Define Size of Input Bacteria List Probe List
Bacteria Table Check Bacteria Table Probe Table
Light Intensity Table
Check Probe Table
Compute Bacteria Indexes Probe Indexes
1 2 3 4 5 6 7
1 FALSE FALSE FALSE TRUE TRUE TRUE TRUE
2 TRUE TRUE FALSE FALSE TRUE TRUE TRUE
3 TRUE TRUE FALSE TRUE TRUE TRUE TRUE
4 FALSE FALSE FALSE TRUE TRUE TRUE TRUE
5 TRUE TRUE FALSE TRUE FALSE FALSE TRUE
of Bacteria Table.  A True result implies that the signal is higher than the 












Figure 5.11. Output table  
 




6 CONCLUSIONS AND RECOMMENDATION 
6.1 Performance of 2-dimensional substrate-coated slides 
(1) High quality spots were achieved on all three types of substrate-coated slides.  
However, different spot sizes were obtained with different types of coating 
formats, with smallest spots on electrophilic group-coated slides (100 mm) 
and largest spots on aldehyde-coated slides (250 mm).  This subsequently 
affected surface probe densities on each slide, and resulted in differences in 
the dissociation profiles and the corresponding Tds. 
(2) Amino silane-coated and aldehyde-coated microchips were able to produce 
non-equilibrium dissociation curves that were comparable to those obtained 
by 3-dimensional gel pad microchips.  Duplexes on electrophilic 
group-coated microchips, due to its proprietary surface chemistry, produced 
more linear melting curves than the other two formats.  However, all three 
types of microchip coating format proved competent in discriminating 
perfect match and single internal mismatch duplexes. 
 
6.2 Factors affecting Td and mismatch discriminating capability 
(1) Hybridization using GuSCN-based buffer produced Tds that were lower than 
that using FA-based buffer.  However, the type of buffer used seems to 
make no significant difference on the capability of the microarray in 
discriminating MM. 
(2) Salt concentration in the washing buffer was an important factor in the 
determination of Tds and in the discrimination of MM from PM duplexes.  




Tds decreased as the washing salt concentration decreased.  The 
discrimination signal intensity ratio PM/MM was higher at low salt 
concentrations (<0.15 M), indicating that salt concentration or ionic strength 
had a stronger effect on the energy and the dissociation rate of MM 
probe-target duplexes than PM duplexes.     
(3) The number and position of MM also played significant contributions to the 
dissociation profiles (including Tds).  An approximately 1.4-fold 
discrimination was achieved between PM and 1 internal MM, and 3.5-fold 
between PM and 2 internal MM.  However, discrimination was not possible 
between PM and external MM.  This was expected as MM near or at the 
terminus of a short probe had a less destabilizing effect than MM at internal 
positions.   
(4) The type of MM did not have any apparent effects on the Td.  Probes with 
different internal MM (ag, tg or gg) exhibited nearly identical dissociation 
profiles.  This was also true for probes with different external MM. 
 
6.3 Numerical analysis 
(1) A mathematical model that used various types of indexes (probability index, 
reliability index, and combined index) to statistically analyze microarray 
results was proposed.  By using formulas derived through conditional 
probabilities, the model was able to estimate the probability of occurrence of 
specific microbial species. 
(2) To facilitate the processing of large number of microarray data, an algorithm 
was written in Visual Basic, making use of the Excel interface for data input 




and output.  The program was able to analyze hybridization intensities 
results of up to 999 probes simultaneously. 
  
6.4 Recommendations for future works 
(1) There is a need to improve on the capability of microarrays in the 
discrimination of external MM (especially single external MM).  An 
alternative method that makes use of probes of various lengths (in an attempt 
to convert external MM into penultimate ones) can be tested for its 
discrimination efficiency. 
(2) Competition among different target sequences for probe sites is not an 
uncommon phenomenon in chip hybridization.  This will give rise to 
complications such as false-positives when microarrays are used in the 
analysis of complex environmental samples.  The basis behind such 
competitive hybridization is not well understood and experiments using 
synthetic probes and different targets of known sequences can be designed 
and used to study the nature of the competition process. 
(3) Optimized working conditions for the aldehyde-coated microchips can be 
further applied to rRNA/DNA extracted from known laboratory cultures 
(pure or mixed) instead of synthetically designed targets for further 
optimization.  This will minimize problems such as the presence of 
secondary structures when employing the microarray technique for more 
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